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Three Features of SUSY

(1) Fine-tuning problem for the 125 GeV Higgs boson

(2) gauge-coupling unification

Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
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(3) WIMP candidates
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H
0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

∆(m2
h0) =

3

4π2
cos2α y2tm

2
t ln

(
mt̃1

mt̃2
/m2

t

)
. (8.1.24)

This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the

t t̃
t̃
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Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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(1) Fine-tuning problem for the 125 GeV Higgs

new particle masses are inversely proportional to their 
couplings to Higgs 

Dimopoulos and Giudice, 1995          	


Cohen, Kaplan and Nelson, 1996

2.7. SU(2) × U(1) breaking

In addition to third generation squarks, gauginos and Higgsinos, the low energy Ef-

fective Supersymmetry spectrum must include at least one light scalar Higgs doublet,

but not necessarily both doublets of the MSSM. In one composite realization of Effective

Supersymmetry described in the next section, the Hd doublet has a mass of the same

scale, M̃ , as the heavy squarks. This leads to a naturally large value for tanβ, of size

∼ M̃/MW ∼ O(100).

2.8. Summary

We conclude that Effective Supersymmetry can realize the best features of the stan-

dard model, the MSSM, and technicolor and its variants, with the following features:

1. The world is supersymmetric above ∼ 20 TeV;

2. A new gauge group G exists which contains a strongly interacting “superglue” sector

that nonperturbatively generates the SUSY symmetry breaking scale
√

Fs as well as

the SU(2) × U(1) symmetry breaking scale. The only constraint on Λ and Fs is

M̃ ∼ 5–20 TeV, where M̃ ≡ Fs/Λ;

3. Above the scale Λ matter fields (or their constituents, in a composite model) carry

G interactions which forbid renormalizable B and L violating operators, as well as

dimension 5 B violation.

4. The first two generations couple more strongly to SUSY breaking than the third, and

the respective squarks and sleptons are heavy, with masses at the scale M̃ ;

5. The top squarks and left-handed bottom squarks are much lighter, with masses
<∼ 1 TeV.

6. The weak gauginos and higgsinos also have masses <∼ 1 TeV;

7. Naturalness allows the gluino to be heavier than 1 TeV. However if we assume that

the gluino is an elementary particle which is weakly coupled at high energies, then it

can not be strongly coupled to SUSY breaking and will also be lighter than ∼ 1 TeV.

8. Only one linear combination of the two Higgs doublets of the MSSM need appear in

the effective theory below M̃ , while the upper bound on the lightest Higgs scalar is

≈ 120 GeV (as in the MSSM).

9. The tau sleptons and right-handed bottom squark masses may be light, or as heavy

as M̃ ; however the constraint (2.2) must be satisfied.

With these features, Effective Supersymmetry allows a natural gauge hierarchy, while suc-

ceeding where the MSSM fails: namely by simultaneously explaining how the world can

be supersymmetric at high energies while looking so much like the standard model at

low energies. Effective Supersymmetry ameliorates the MSSM’s serious problems with

FCNC and excessive weak CP violation without assuming universality in the squark sec-

tor. Furthermore, it provides a simple framework for understanding the suppression of
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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FIG. 3. Plots of Higgs mass Mh versus the SUSY scale MS using the fixed-order calculation with

couplings at MS obtained from the full numerical integration. We use the values bXt = 0, tan� = 20

(top row) and bXt =
p
6, tan� = 4 (bottom row), with µ = MS (left column) and µ = 200 GeV

(right column). See Fig. 1 for details.

From these plots we conclude that the four-loop NNLL result with Q = MS is equal to

the resummed result, within the current top mass uncertainties, for MS as large as tens of

TeV. Unsurprisingly, the three-loop result diverges more rapidly, and underestimates the

Higgs mass in the case Q = MS.

On the other hand, it is also possible to overestimate corrections to the Higgs mass

by considering only a subset of the three-loop terms. This is due to a striking accidental

cancellation at leading log in �3� (�4�) between leading g43y
4
t (g63y

4
t ) and subleading g23y

6
t

and y8t (g43y
6
t , g

2
3y

8
t , and y10t ) contributions; these are the last three (four) terms before the

large closing curly braces in Eqs. (47) and (48). We note that the cancellation persists to

a lesser degree at each subleading log order in Lk. The cancellation at leading log was first

noted in [19], the result of which we extend to higher values of MS and improve by including

20

Draper et. al., 1312.5743
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Stop QCD Production Cross Sections
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5.1 Gluino-Pair Production with Four Top Quarks in the Final State 19

and background yields, and the uncertainty on the background, are scaled by the ratio of the
luminosities (20 fb�1 for 8 TeV and 300 fb�1 for 14 TeV) and by the ratio of the cross sections for
signal and background (ssig and sbkg):

Rsig(bkg) =
300 fb�1

20 fb�1 ⇥ ssig(bkg)(14 TeV)

ssig(bkg)(8 TeV)
. (3)

For some analyses, a less conservative scenario, called “Scenario B,” is defined where the rela-
tive uncertainty on the background is reduced. These are similar to the Scenarios 1 and 2 used
in the Higgs projections discussed in Sec. 4, but not the same in detail and have different im-
plications for SUSY searches where higher mass regions will be progressively searched in the
future. The exact procedures differ slightly in projections for different SUSY models and are
described in detail in the following sections.

The following models, assuming 100% branching fractions, are considered: gluino-pair pro-
duction with each gluino decaying to the lightest SUSY particle (LSP) and either a tt or bb pair;
direct stop production with each stop decaying to a top quark and LSP; chargino-neutralino
production with final states containing W and Z bosons and missing transverse energy; and
direct sbottom production with decay to chargino and top quark. The cross sections for these
SUSY particle production processes, computed at the next-to-leading-order accuracy in as us-
ing Prospino2 [40–42], are shown in Fig. 16.
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Figure 16: Next-to-leading order cross sections for gluino-pair production, stop-pair (sbottom-
sbottom) production, and chargino-neutralino production versus the mass of the pair-
produced SUSY particles. The chargino-neutralino production cross section is presented for
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5.1 Gluino-Pair Production with Four Top Quarks in the Final State

Naturalness predicts not only light third-generation masses, but also gluinos that are not much
heavier than a TeV. In this case they could decay to third-generation squarks. This section
focuses on gluino-pair production, where each gluino decays to a top and a stop quark that
then decays to a top quark and the LSP. This is described by a simplified model, where pair-
produced gluinos each decay to a tt pair and the LSP (see Fig. 17a). Due to the presence of
four W bosons in the final state, a search in the single lepton final state has a large branching
fraction (⇠ 40%) and good sensitivity. Hence, the sensitivity to this simplified model topol-
ogy is projected to 14 TeV based on the results obtained in the SUSY search in the single-lepton

CMS Note-13-002, 1307.7135
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Decays of Stop

Stop

R-parity Violating R-parity Conserving

22 5 Discovery Potential: Supersymmetry

improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

• Baryonic R-parity violation

– λ’’3ij tR dRi dRj    (i ≠ j)

• 100% decays to 2 down-type quarks

– prompt if λ’’ > 10-7

– MFV:  96% contain bottom

• Direct pair production ⇒ fully jetty final-state

– no handles like leptons or MET
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Right-handed Stop
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Fig. 21. Lower mass limits for stable gluinos [325], squarks [325], fourth-generation
quarks [340], and heavy leptons [322]. The lengths of the vertical lines have no signifi-
cance.

were made using SQUID detectors. However, instrumental effects could not be
ruled as being responsible for the signals and the observations are inconsistent with
monopole flux limits set at other cosmic ray facilities [351].

During the 1990’s monopole searches remained a routine part of the experimental
programs of collider experiments. This section discusses searches for monopoles
directly produced at electron-positron annihilation, hadron-hadron and lepton-hadron
facilities. Direct searches include, for example, searches for monopoles leaving
tracks in plastic track detectors, and searches for monopoles trapped in detector
material. As will be shown, most searches are concerned with the possibility of
monopoles possessing the Dirac charge. However, even in the absence of theoret-
ical motivation, it is prudent to also consider scenarios with particles possessing
as wide a charge-range as is experimentally possible. We therefore describe the re-
gions in magnetic charge and mass which have been explored. The discussion will
be followed by a brief discussion of indirect monopole searches.

7.2.1 Searches at e+e− experiments

A variety of methods have been used to search for monopoles at e+e− experi-
ments. The most commonly used approach, the deployment of plastic track de-

73

935

CMS, 7+8 TeV	
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Fairbairn et.al.,hep-ph/0611040
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Right-handed Stop Decay
one can add the following R-parity violating operator
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(or higher-dimensional operators)

• Baryonic R-parity violation

– λ’’3ij tR dRi dRj    (i ≠ j)

• 100% decays to 2 down-type quarks

– prompt if λ’’ > 10-7

– MFV:  96% contain bottom

• Direct pair production ⇒ fully jetty final-state

– no handles like leptons or MET

Baryon # Violating Decay

P1

P2

t̃∗

t̃

t̄

χ̃0
1

χ̃0
1

tq
_

q
_

q

q

RPV

RPV

~

Pursuing Direct Production

• Minimal model-dependence
– rate and kinematics are only a function of stop mass
– see if we can ignore jet flavor (structure of λ’’ coupling)
– not necessarily SUSY (generic diquark pair search)

• A benchmark for purely jetty pair-production searches
– minimal color, spin, # decay products, flavor

• Current limits are very weak
– LEP:   90 GeV
– Tevatron:  100 GeV
– LHC:  No limit!!

jet
jet

jet
jet

Serve as a benchmark for purely jetty pair-production 
searches (minimal color and spin)
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RPV Stop Limits
Current Limits are weak:

• LEP: 90 GeV • Tevatron: 100 GeV
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RPV Stop Limits
Current Limits are weak:

• LEP: 90 GeV • Tevatron: 100 GeV

• LHC: No limit !!!
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Trigger is an Issue

Trigger Creep at the LHC

4 The ATLAS Collaboration: Search for Massive Colored Scalars in Four-Jet Final States with ATLAS
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Fig. 2. The comparison of the prediction of the background with the data in the signal region is shown. The points are the
data in the signal region (region A). The solid (dashed) histogram is the estimated signal in region A (B) for the nominal
cross section. The predictions of background in region A based upon the data in region B (rectangles) and upon the result of
the fit in region B (line), each normalized using the ABCD method, are shown for: (top left) Msgluon = 100 GeV, (top right)
Msgluon = 140 GeV, (bottom left) Msgluon = 160 GeV and (bottom right) Msgluon = 190 GeV. The bin size is chosen to follow
the expected signal width.

are also shown. Table 3 shows the number of events in the
signal region, the prediction of the background from the
ABCD prediction, the �2 per degree of freedom (NDF )
between the shapes of the distributions in region A and
B (�2/NDF (A,B)), as well as the �2/NDF (B) in the
background region for the fit of the background function.
No significant deviation is observed between the data-
driven background prediction and the data. Therefore lim-
its are set on the excluded cross section using a profile
likelihood ratio with the CLs approach [29]. The shapes
of signal and background are included in the likelihood.
The signal contamination in the control regions is taken
into account according to the signal cross section. A Gaus-
sian shape is used in region B; whereas, in regions C and D
the shape is background-like.

The di�erent sources of systematic uncertainty and
their e�ect are summarized in Table 4. The uncertainty
on the integrated luminosity is 3.4% [30]. The trigger ef-
ficiency is estimated in minimum bias data to be 99±1%.
The signal acceptance and contamination are taken from
the full simulation Monte Carlo samples with a statistical
uncertainty of 5% (in region A) by fitting the e⇥ciencies

as a function of the sgluon mass. The jet energy scale
uncertainty is propagated to the signal [28], a�ecting the
selection e⇥ciency. A second e�ect of the JES uncertainty
on the signal is a ±2% shift of the signal mass peak posi-
tion. The impact of the jet energy resolution uncertainty
on the signal mass peak width is 10%. The impact of the
choice of the PDF for the signal generation was estimated
to be less than 2%. Finally a systematic error, reflect-
ing the statistics available to check the prediction of the
ABCD method in the absence of new physics, is assigned
to the background prediction. Gaussian nuisance param-
eters are implemented in the likelihood corresponding to
the errors taking into account the correlations, e.g. the
error on the luminosity is common to the ABCD regions.
The contamination of the regions B, C and D by the signal
is also taken into account in the likelihood.

For each tested mass, the observed and expected me-
dian CLs are determined as a function of the signal cross
section. The analysis is performed for masses from 100
to 200 GeV in steps of 10 GeV. The resulting excluded
cross section, shown in Fig. 3, is 1 nb at 100 GeV and
280 pb at 190 GeV. Converting this result into a mass
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Fig. 3. The comparison of the data in the signal region with the background prediction is shown for: (a) msgluon = 150GeV, (b)
msgluon = 250GeV, (c) msgluon = 300GeV and (d) msgluon = 350GeV. The points are the data in the signal region (region A).
The plain histogram (red) is the expected signal in region A normalised to the NLO cross-section. The prediction of background
in region A based upon the data in region B normalised using the ABCD method is shown as the rectangles which include
the statistical uncertainty. The data/background ratio and the statistical significance of its di�erence from one, in standard
deviations, are also shown in the lower panels.

the leading order cross-section by a factor of about 1.6.
The hatched band indicates the systematic uncertainty
due to the choices of renormalisation and factorisation
scales. Due to this recent NLO calculation, the previously
unexcluded mass region around 140GeV [11] is now ex-
cluded by reinterpreting the limits obtained with the data
recorded in 2010. For the analysis of the data recorded
in 2011, sgluons with a mass from 150GeV to 287GeV
are excluded. The endpoint of the mass limit is defined as

the intersection of the cross-section limit with the NLO
cross-section minus one standard deviation of the theory
uncertainty.

The dashed line is the prediction for the hyperpion
cross-section of a compositeness model, obtained by rescal-
ing the sgluon cross-section according to the ratios from
Ref. [7]. Since the ratios were calculated at leading or-
der, this line should only be considered as an approximate
indication of the excluded mass region.
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Fig. 3. The comparison of the data in the signal region with the background prediction is shown for: (a) msgluon = 150GeV, (b)
msgluon = 250GeV, (c) msgluon = 300GeV and (d) msgluon = 350GeV. The points are the data in the signal region (region A).
The plain histogram (red) is the expected signal in region A normalised to the NLO cross-section. The prediction of background
in region A based upon the data in region B normalised using the ABCD method is shown as the rectangles which include
the statistical uncertainty. The data/background ratio and the statistical significance of its di�erence from one, in standard
deviations, are also shown in the lower panels.

the leading order cross-section by a factor of about 1.6.
The hatched band indicates the systematic uncertainty
due to the choices of renormalisation and factorisation
scales. Due to this recent NLO calculation, the previously
unexcluded mass region around 140GeV [11] is now ex-
cluded by reinterpreting the limits obtained with the data
recorded in 2010. For the analysis of the data recorded
in 2011, sgluons with a mass from 150GeV to 287GeV
are excluded. The endpoint of the mass limit is defined as

the intersection of the cross-section limit with the NLO
cross-section minus one standard deviation of the theory
uncertainty.

The dashed line is the prediction for the hyperpion
cross-section of a compositeness model, obtained by rescal-
ing the sgluon cross-section according to the ratios from
Ref. [7]. Since the ratios were calculated at leading or-
der, this line should only be considered as an approximate
indication of the excluded mass region.
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃
<∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].

2

minimum possible 2j mass ~ pT*R = 25.5 GeV (2010), or 40 GeV (2011)

sgluonsgluon
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Fig. 2. The comparison of the prediction of the background with the data in the signal region is shown. The points are the
data in the signal region (region A). The solid (dashed) histogram is the estimated signal in region A (B) for the nominal
cross section. The predictions of background in region A based upon the data in region B (rectangles) and upon the result of
the fit in region B (line), each normalized using the ABCD method, are shown for: (top left) Msgluon = 100 GeV, (top right)
Msgluon = 140 GeV, (bottom left) Msgluon = 160 GeV and (bottom right) Msgluon = 190 GeV. The bin size is chosen to follow
the expected signal width.

are also shown. Table 3 shows the number of events in the
signal region, the prediction of the background from the
ABCD prediction, the �2 per degree of freedom (NDF )
between the shapes of the distributions in region A and
B (�2/NDF (A,B)), as well as the �2/NDF (B) in the
background region for the fit of the background function.
No significant deviation is observed between the data-
driven background prediction and the data. Therefore lim-
its are set on the excluded cross section using a profile
likelihood ratio with the CLs approach [29]. The shapes
of signal and background are included in the likelihood.
The signal contamination in the control regions is taken
into account according to the signal cross section. A Gaus-
sian shape is used in region B; whereas, in regions C and D
the shape is background-like.

The di�erent sources of systematic uncertainty and
their e�ect are summarized in Table 4. The uncertainty
on the integrated luminosity is 3.4% [30]. The trigger ef-
ficiency is estimated in minimum bias data to be 99±1%.
The signal acceptance and contamination are taken from
the full simulation Monte Carlo samples with a statistical
uncertainty of 5% (in region A) by fitting the e⇥ciencies

as a function of the sgluon mass. The jet energy scale
uncertainty is propagated to the signal [28], a�ecting the
selection e⇥ciency. A second e�ect of the JES uncertainty
on the signal is a ±2% shift of the signal mass peak posi-
tion. The impact of the jet energy resolution uncertainty
on the signal mass peak width is 10%. The impact of the
choice of the PDF for the signal generation was estimated
to be less than 2%. Finally a systematic error, reflect-
ing the statistics available to check the prediction of the
ABCD method in the absence of new physics, is assigned
to the background prediction. Gaussian nuisance param-
eters are implemented in the likelihood corresponding to
the errors taking into account the correlations, e.g. the
error on the luminosity is common to the ABCD regions.
The contamination of the regions B, C and D by the signal
is also taken into account in the likelihood.

For each tested mass, the observed and expected me-
dian CLs are determined as a function of the signal cross
section. The analysis is performed for masses from 100
to 200 GeV in steps of 10 GeV. The resulting excluded
cross section, shown in Fig. 3, is 1 nb at 100 GeV and
280 pb at 190 GeV. Converting this result into a mass
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Fig. 3. The comparison of the data in the signal region with the background prediction is shown for: (a) msgluon = 150GeV, (b)
msgluon = 250GeV, (c) msgluon = 300GeV and (d) msgluon = 350GeV. The points are the data in the signal region (region A).
The plain histogram (red) is the expected signal in region A normalised to the NLO cross-section. The prediction of background
in region A based upon the data in region B normalised using the ABCD method is shown as the rectangles which include
the statistical uncertainty. The data/background ratio and the statistical significance of its di�erence from one, in standard
deviations, are also shown in the lower panels.

the leading order cross-section by a factor of about 1.6.
The hatched band indicates the systematic uncertainty
due to the choices of renormalisation and factorisation
scales. Due to this recent NLO calculation, the previously
unexcluded mass region around 140GeV [11] is now ex-
cluded by reinterpreting the limits obtained with the data
recorded in 2010. For the analysis of the data recorded
in 2011, sgluons with a mass from 150GeV to 287GeV
are excluded. The endpoint of the mass limit is defined as

the intersection of the cross-section limit with the NLO
cross-section minus one standard deviation of the theory
uncertainty.

The dashed line is the prediction for the hyperpion
cross-section of a compositeness model, obtained by rescal-
ing the sgluon cross-section according to the ratios from
Ref. [7]. Since the ratios were calculated at leading or-
der, this line should only be considered as an approximate
indication of the excluded mass region.
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Fig. 3. The comparison of the data in the signal region with the background prediction is shown for: (a) msgluon = 150GeV, (b)
msgluon = 250GeV, (c) msgluon = 300GeV and (d) msgluon = 350GeV. The points are the data in the signal region (region A).
The plain histogram (red) is the expected signal in region A normalised to the NLO cross-section. The prediction of background
in region A based upon the data in region B normalised using the ABCD method is shown as the rectangles which include
the statistical uncertainty. The data/background ratio and the statistical significance of its di�erence from one, in standard
deviations, are also shown in the lower panels.

the leading order cross-section by a factor of about 1.6.
The hatched band indicates the systematic uncertainty
due to the choices of renormalisation and factorisation
scales. Due to this recent NLO calculation, the previously
unexcluded mass region around 140GeV [11] is now ex-
cluded by reinterpreting the limits obtained with the data
recorded in 2010. For the analysis of the data recorded
in 2011, sgluons with a mass from 150GeV to 287GeV
are excluded. The endpoint of the mass limit is defined as

the intersection of the cross-section limit with the NLO
cross-section minus one standard deviation of the theory
uncertainty.

The dashed line is the prediction for the hyperpion
cross-section of a compositeness model, obtained by rescal-
ing the sgluon cross-section according to the ratios from
Ref. [7]. Since the ratios were calculated at leading or-
der, this line should only be considered as an approximate
indication of the excluded mass region.
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃
<∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].

2

minimum possible 2j mass ~ pT*R = 25.5 GeV (2010), or 40 GeV (2011)

sgluonsgluon

2012 (8 TeV): pT (4th jet) & 100 ⇠ 110 GeV

light stop can be easily missed by the standard search
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Jet-substructure can help

(1) Focus on high-pT boosted signal production

• reduce combinatoric ambiguities 

• generally better S/B

(II) Flexible partition of decay radiation to individual stop parton
• better rejection of uncorrelated radiation (pileup, 

ISR, UE)

• better signal mass resolution

(III) Scale-free procedure

• background processed into ~ featureless spectrum
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FIG. 7: The ∆R distributions of subjets within reconstructed fat-jets passing all analysis cuts, for

stops of mass 100 GeV (blue), 200 GeV (purple), 300 GeV (red), and 400 GeV (green). (Small

spikes at ∆R = 0.1 correspond to events where both stop-jets have been declustered down to our

calorimeter model granularity, and would have mavg ∼ 10 GeV.)

vary between 100 GeV and 400 GeV. See, e.g., [77].) To perform flavor tagging, we keep

track of bottom-hadrons and prompt charm-hadrons from the event record, and match them

to the closest subjet within ∆R < 0.2. Each subjet’s “true” flavor is then determined by

the heaviest associated hadron. We apply flat b-tagging efficiencies of 60%, 10%, and 2%

for bottom-flavored, charm-flavored, and unflavored subjets, respectively.

Appendix B: Supplementary Results

This appendix contains three supplementary sets of results: the ∆R distributions of

subjets for signal events, a comparison of our nominal R = 1.5 jet radius to R = 0.8, and

comparisons with the more standard BDRS declustering procedure.

Fig. 7 shows the ∆R distributions of subjets within stop-jets, for events passing our

complete set of analysis cuts. This plot makes it clear that for mt̃ = 100 GeV, a large

fraction of stop decays would comfortably sit inside of a normal-sized LHC jet of R = 0.4

or R = 0.5. It is also notable that, even though we choose a much larger fat-jet radius,

very few stop decays are reconstructed with unphysically-large ∆R. In other words, our

substructure procedures and analysis cuts adaptively find the “correct” ∆R scale for the

signal. For larger stop masses, the separation becomes large enough that an ordinary jet

radius could resolve the decays. But in our treatment this regime is continuously connected

20

ΔR Distributions

100 GeV

200 GeV

300 GeV

*Passing all analysis cuts (next slide)

400 GeV

• Jet-Ht trigger:  offline Ht > 900 GeV

• Capture stop decays in R = 1.5 C/A jets
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FIG. 2: The effects of our cuts on the spectrum of mavg ≡ (m1 + m2)/2, defined on declustered

fat-jets. From left-to-right, top-to-bottom, cuts are added sequentially. The effect of the preceding

cut is shown with dotted histograms for comparison. Background is matched QCD (black), and

example stop models are 100 GeV (blue), 200 GeV (purple), and 300 GeV (red).

our stop signal.5 However, the multibody structure of this background is under much better

5 The fact that tt̄ is not a larger contribution is perhaps somewhat surprising, given that for mt̃ ≃ mt,

the inclusive tt̄ cross section is about six times larger than t̃t̃∗. About half of this factor comes from

the tt̄ all-hadronic branching fraction, since only all-hadronic events are efficient at passing the HT cut

and subsequent substructure cuts. It is also important to realize that for high-pT central production, the

difference in cross sections is not as big. (Asymptotically, the factor of six reduces to a factor of two.)

Finally, the large fraction of partial reconstructions with two-body substructure significantly broadens the

8

100 GeV

matched QCD

200 GeV
300 GeV

* 8 TeV
_20/fb

8 TeV



15

Averaged Mass Peaks
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FIG. 3: Final spectra of mavg after all cuts, for an untagged analysis (left) and a b-tagged anal-

ysis assuming BR(t̃ → b̄d̄/b̄s̄) ≃ 100% and tagging/mistagging rates as described in the text

(right). Displayed backgrounds include matched QCD (black), tt̄ (pink), and W+jets (green). The

matched QCD histogram has been smoothed from the Monte Carlo data, as described in the next

section. Displayed example stop models, stacked onto the QCD background, include 100 GeV

(blue), 200 GeV (purple), and 300 GeV (red). The lower panels show the S/B ratio relative to

QCD, and the bin-by-bin fractional statistical errors on the QCD background expected for the

2012 LHC run. (Note the changes in vertical axes between untagged and tagged.)

theoretical control than pure QCD, and its normalization could be extracted in the highly

orthogonal semileptonic channel. We therefore anticipate that it could be systematically

subtracted or accounted for in a constrained fit. Indeed, it can even serve as a useful

calibration peak. If it is necessary to further suppress tt̄, it might be possible to do so with

supplementary substructure cuts that can pick out and reject 3-body features, without highly

resculpting the continuum QCD. (E.g., N-subjettiness [48] observables or the dimensionless

variables of the HEPTopTagger [59] would be appropriate to study.) Regardless, some

degradation of sensitivity in the vicinity of mt should be expected in reality.

If the RPV coupling obeys MFV, then almost every stop decay will contain a b-quark.

It therefore becomes possible to exploit a b-tagged analysis. We show in the right panel

of Fig. 3 the mavg spectra after demanding that at least one of the four subjets is tagged,

assuming flat (b, c, q/g) tag rates of (60%, 10%, 2%). The S/B (and S/
√
B) improves

top peak shape.
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FIG. 3: Final spectra of mavg after all cuts, for an untagged analysis (left) and a b-tagged anal-

ysis assuming BR(t̃ → b̄d̄/b̄s̄) ≃ 100% and tagging/mistagging rates as described in the text

(right). Displayed backgrounds include matched QCD (black), tt̄ (pink), and W+jets (green). The

matched QCD histogram has been smoothed from the Monte Carlo data, as described in the next

section. Displayed example stop models, stacked onto the QCD background, include 100 GeV

(blue), 200 GeV (purple), and 300 GeV (red). The lower panels show the S/B ratio relative to

QCD, and the bin-by-bin fractional statistical errors on the QCD background expected for the

2012 LHC run. (Note the changes in vertical axes between untagged and tagged.)

theoretical control than pure QCD, and its normalization could be extracted in the highly

orthogonal semileptonic channel. We therefore anticipate that it could be systematically

subtracted or accounted for in a constrained fit. Indeed, it can even serve as a useful

calibration peak. If it is necessary to further suppress tt̄, it might be possible to do so with

supplementary substructure cuts that can pick out and reject 3-body features, without highly

resculpting the continuum QCD. (E.g., N-subjettiness [48] observables or the dimensionless

variables of the HEPTopTagger [59] would be appropriate to study.) Regardless, some

degradation of sensitivity in the vicinity of mt should be expected in reality.

If the RPV coupling obeys MFV, then almost every stop decay will contain a b-quark.

It therefore becomes possible to exploit a b-tagged analysis. We show in the right panel

of Fig. 3 the mavg spectra after demanding that at least one of the four subjets is tagged,

assuming flat (b, c, q/g) tag rates of (60%, 10%, 2%). The S/B (and S/
√
B) improves

top peak shape.
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FIG. 5: Results of our untagged search estimates for 20 fb−1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1σ

variation expected due to background statistical fluctuations.

method tends to edge out the other three, and that the asymmetry-sideband method offers

a small but consistent improvement over the simple shape fit. (In fact, for exclusion sig-

nificance, the single-jet template method gives results very close to what would be inferred

with a naive S/
√
B analysis with optimized mass windows.) The similarity of the results

is encouraging, and suggests that experimentalists will have many alternative choices for

performing cross-checks of a tentative signal, or as fall-back options if any of these data-

driven methods turns out to be unreliable. From Fig. 5, which shows the untagged analysis,

we see that stops less than about 175 GeV could be discovered, and stops less than about

320 GeV could be excluded. For the b-tagged analysis in Fig. 6, masses below 250 GeV are

discoverable, and exclusion sensitivity extends to nearly 400 GeV. We note that this analysis

was run without re-optimization of our cuts, so it might be possible to construct an even

more sensitive search. It may also be possible to make even further gains by considering a

double-b-tagged search.

Looking ahead, we have also run versions of these analyses on 14 TeV simulations, as-

suming 300 fb−1 luminosity, and for simplicity neglecting pileup. Here, we have used a

summed-jet HT cut of 1600 GeV, which keeps the rate approximately the same as the

900 GeV threshold under 2012 conditions (assuming quadrupled instantaneous luminos-

ity at 14 TeV). The 100 GeV untagged signal remains visible, with statistical significance
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FIG. 5: Results of our untagged search estimates for 20 fb−1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1σ

variation expected due to background statistical fluctuations.

method tends to edge out the other three, and that the asymmetry-sideband method offers

a small but consistent improvement over the simple shape fit. (In fact, for exclusion sig-

nificance, the single-jet template method gives results very close to what would be inferred

with a naive S/
√
B analysis with optimized mass windows.) The similarity of the results

is encouraging, and suggests that experimentalists will have many alternative choices for

performing cross-checks of a tentative signal, or as fall-back options if any of these data-

driven methods turns out to be unreliable. From Fig. 5, which shows the untagged analysis,

we see that stops less than about 175 GeV could be discovered, and stops less than about

320 GeV could be excluded. For the b-tagged analysis in Fig. 6, masses below 250 GeV are

discoverable, and exclusion sensitivity extends to nearly 400 GeV. We note that this analysis

was run without re-optimization of our cuts, so it might be possible to construct an even

more sensitive search. It may also be possible to make even further gains by considering a

double-b-tagged search.

Looking ahead, we have also run versions of these analyses on 14 TeV simulations, as-

suming 300 fb−1 luminosity, and for simplicity neglecting pileup. Here, we have used a

summed-jet HT cut of 1600 GeV, which keeps the rate approximately the same as the

900 GeV threshold under 2012 conditions (assuming quadrupled instantaneous luminos-

ity at 14 TeV). The 100 GeV untagged signal remains visible, with statistical significance
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FIG. 6: Results of our b-tagged search estimates for 20 fb−1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1σ

variation expected due to background statistical fluctuations.

slightly better than our 2012 estimate, though with approximately 2–3 times smaller S/B.

The discoverable range expands up to about 500 GeV, and masses of 200–300 GeV would

be visible at the 10σ-level. Exclusion should extend up to 650 GeV. This last finding is

comparable to that of the recent Snowmass 2013 report [32], which uses traditional jet re-

construction methods and a highly approximate background estimate. However, that search

assumes 2012-like jet pT cuts, and even then is limited to the mass range above 300 GeV.

By contrast, in our jet substructure version of the search there is practically no low-mass

cutoff on the search range, with masses from 100 GeV to O(TeV) covered by a single analysis

strategy.

IV. CONCLUSIONS

In this paper, we have addressed what has been believed to be one of the most difficult

supersymmetry signatures at hadron colliders, and demonstrated that it may nonetheless be

made highly visible using the tools of jet substructure. Besides serving as a crucial supple-

ment to the LHC’s broad-based program for testing naturalness, this result, if reproducible

in a realistic analysis on actual LHC data, will serve as a benchmark for fully jetty searches.

The implications extend well beyond just RPV supersymmetry. Thus far, multijet searches
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FIG. 6: Results of our b-tagged search estimates for 20 fb−1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1σ

variation expected due to background statistical fluctuations.

slightly better than our 2012 estimate, though with approximately 2–3 times smaller S/B.

The discoverable range expands up to about 500 GeV, and masses of 200–300 GeV would

be visible at the 10σ-level. Exclusion should extend up to 650 GeV. This last finding is

comparable to that of the recent Snowmass 2013 report [32], which uses traditional jet re-

construction methods and a highly approximate background estimate. However, that search

assumes 2012-like jet pT cuts, and even then is limited to the mass range above 300 GeV.

By contrast, in our jet substructure version of the search there is practically no low-mass

cutoff on the search range, with masses from 100 GeV to O(TeV) covered by a single analysis

strategy.

IV. CONCLUSIONS

In this paper, we have addressed what has been believed to be one of the most difficult

supersymmetry signatures at hadron colliders, and demonstrated that it may nonetheless be

made highly visible using the tools of jet substructure. Besides serving as a crucial supple-

ment to the LHC’s broad-based program for testing naturalness, this result, if reproducible

in a realistic analysis on actual LHC data, will serve as a benchmark for fully jetty searches.

The implications extend well beyond just RPV supersymmetry. Thus far, multijet searches
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More RPV Decays

Evans and Katz, 1209.0764

LQD mediators final state (of each stop)

ijk first second �̃0, �̃± ! RPV
�̃± ! �̃0W ⇤±

�̃0 ! RPV

131, 132, 231, 232

— — `j

H̃ or W̃ t̃ `ttj, `bbj `tbj

H̃ or W̃ b̃L ⌫tbj ⌫bbj

W̃ q̃/⌫̃/˜̀L `ttj, `bbj, ⌫tbj `tbj, ⌫bbj

B̃ t̃ `ttj

B̃ b̃L ⌫tbj

B̃ q̃/⌫̃/˜̀L `ttj, ⌫tbj

133, 233

— — `b

H̃ or W̃ t̃ `ttb, `bbb `tbb

H̃ or W̃ b̃L ⌫tbb ⌫bbb

H̃ b̃R `ttb, ⌫tbb `tbb, ⌫bbb

W̃ ⌫̃/˜̀L `ttb, `bbb, ⌫tbb `tbb, ⌫bbb

B̃ t̃ `ttb

B̃ b̃L ⌫tbb

B̃ ⌫̃/˜̀L/b̃R `ttb, ⌫tbb

331, 332

— — ⌧j

H̃ or W̃ t̃ ⌧ ttj, ⌧bbj ⌧ tbj

H̃ or W̃ b̃L ⌫tbj ⌫bbj

H̃ ⌫̃⌧/⌧̃L ⌧ ttj, ⌧bbj ⌧ tbj

W̃ q̃/⌫̃⌧/⌧̃L ⌧ ttj, ⌧bbj, ⌫tbj ⌧ tbj, ⌫bbj

B̃ t̃ ⌧ ttj

B̃ b̃L ⌫tbj

B̃ q̃/⌫̃⌧/⌧̃L ⌧ ttj, ⌫tbj

333

— — ⌧b

H̃ or W̃ t̃ ⌧ ttb, ⌧bbb ⌧ tbb

H̃ or W̃ b̃L ⌫tbb ⌫bbb

H̃ ⌫̃⌧/⌧̃L ⌧ ttb, ⌧bbb ⌧ tbb

H̃ b̃R ⌧ ttb, ⌫tbb ⌧ tbb, ⌫bbb

W̃ ⌫̃⌧/⌧̃L ⌧ ttb, ⌧bbb, ⌫tbb ⌧ tbb, ⌫bbb

B̃ t̃ ⌧ ttb

B̃ b̃L ⌫tbb

B̃ ⌫̃⌧/⌧̃L/b̃R ⌧ ttb, ⌫tbb

Table 3: Simplified models with LQD couplings through which the stop can decay directly (therefore, only

cases with on-shell inos are considered). Same conventions as in table 2 apply.

In this subsection, we assume that these decays also dominate over R-parity-conserving decays to

lighter superpartners (if such decays are available), which may or may not be the case, depending

10

UDD mediators final state (of each stop)

ijk first second �̃0, �̃± ! RPV
�̃± ! �̃0W ⇤±

�̃0 ! RPV

112, 212 g̃ or B̃ q̃ tjjj

113, 123, 213, 223

g̃ or B̃ q̃ tbjj

H̃ b̃R tbjj bbjj

b̃R — Wjj

312

— — jj

H̃ t̃ ttjj, bbjj tbjj [SS]

B̃ q̃ ttjj

313, 323

— — bj

H̃ t̃ ttbj, bbbj tbbj [SS]

H̃ b̃R ttbj tbbj [SS]

B̃ q̃ ttbj

Table 4: Simplified models with UDD couplings. Couplings that will be analyzed explicitly are indicated

in bold in the first column. We denote j = u, d, c, s. If certain final states dominate due to phase-space

suppression of final states with tops, they are shown in bold. For final states with a single t or W , cases

with potentially same-sign dilepton events are indicated with [SS]. The bottom part of the table includes

couplings through which the stop can decay directly (as with the LQDi3j couplings of table 3, only cases

with on-shell inos are considered).

on the size of the relevant couplings. The other possibility will be addressed in the next subsection.

The �0

i3k (LQD) couplings mediate stop decays to a charged lepton (e, µ or ⌧) and a quark

(which may be a b quark). If we assume for simplicity that a single �0 coupling dominates, the

flavors of the lepton and the quark are fixed. These RPV stops are identical to scalar leptoquarks

in both production and decay (in the case where the branching ratio of the leptoquark to a neutrino

and a quark vanishes). The leptoquark searches [44, 45] are directly applicable to the corresponding

RPV stop scenarios, excluding them from the natural range of masses. However, since the third-

generation leptoquark search [45] requires a ⌧+b final state, signatures with a ⌧ and a light-quark

jet (from �0

331

or �0

332

) are not covered. Nonetheless, searches for hadronic taus+jets+MET, and

for the low masses the tt cross section measurements in the dilepton channel, are sensitive,12 and

the range of excluded masses is the same (within the uncertainty of our simulation) as that of [45].

These results are included in figure 2 (left).

The �00

3jk (UDD) couplings facilitate stop decays to a pair of quarks (one of which may be a

b-quark). Searches for pair-produced particles which each decay to two jets have been done in other

contexts by ATLAS [41, 42] and CMS [43]. In the right side of figure 2, we show our simulated

12For much of the mass range, the stop cross section is only slightly larger than our limit (see LQD332 in figure 2,
left), which does not account for the systematic uncertainties of our simplified detector simulation. Therefore one
should not be overly confident about our exclusion range in this case. A more dedicated experimental analysis is
desirable.

11
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R-parity Conserving Stop (Vanilla Stop)
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Search Regions
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Many Collider Studies
t̃1 ! t+ �̃0

1 the signal is ttbar+MET

Early work:               Meade and Reece, hep-ph/0601124	


                               Kong and Park, hep-ph/0703057	


                               Han, Mahbubani, Walker, Wang, 0803.3820	



                               ......	


Endpoints:                 YB, Cheng, Gallichio, Gu, 1203.4813	


                               Cao, Han, Wu, Yang, Zhang, 1206.3865	


                               Killic and Tweedie, 1211.6106	


Spin-correlations:      Han, Katz, Krohn, Reece, 1205.5808	


Top-tagging:              Plehn, Spannowsky, Takeuchi, 1205.2696	


                               Kaplan, Rehermann, Stolarski, 1205.5816	


                               Dutta, Kamon, Kolev, Sinha, Wang, 1207.1893	


Shapes of missing Et:  Alves, Buckley, Fox, Lykken, Yu, 1205.5805	


Topness:                   Graesser and Shelton, 1212.4495	



                               ......
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Search Region A
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Search for Vanilla Stops

The leading background is ttbar in the dileptonic channel

2

measurements up to |η| of 2.7.
The analysis is based on data recorded by the AT-

LAS detector in 2011 using 1.04 fb−1 of integrated lu-
minosity. The data were collected using electron and
muon triggers. Requirements that ensure the quality of
beam conditions, detector performance and data are im-
posed. Monte Carlo (MC) event samples with full AT-
LAS detector simulation [14] based on the Geant4 pro-
gram [15] and corrected for all known detector effects are
used to model the signal process and most of the back-
grounds. The multi-jet background is modeled using data
control samples rather than the simulation. The back-
ground sources are separated into four main categories
according to their importance: dilepton tt (where both
W bosons decay to a lepton-neutrino pair: W → ℓν);
single-lepton tt and W+jets; multi-jet production; and
other electroweak processes, such as diboson production,
single top, and Z+jets. The tt and single top samples
are produced with MC@NLO [16], while the W+jets
and Z+jets samples are generated with Alpgen [17].
Herwig [18] is used to simulate the parton shower and
fragmentation, and Jimmy [19] is used for the underlying
event simulation. The diboson background is simulated
using Herwig. The tt cross-section is normalized to ap-
proximate next-to-nextto-leading order (NNLO) calcula-
tions [20], the inclusiveW+jets and Z+jets cross-sections
are normalized to NNLO predictions [21], and the cross-
sections of the other backgrounds are normalized to NLO
predictions [22]. Additional corrections to the MC pre-
dictions are extracted from the data, as described below.
Electron and muon candidates are selected as for other

recent ATLAS top quark studies using the single-lepton
signature [23]. Jets are reconstructed using the anti-
kt [24] algorithm with the distance parameter R = 0.4.
To take into account the differences in calorimeter re-
sponse to electrons and hadrons, a pT- and η-dependent
factor, derived from simulated events and validated with
data, is applied to each jet to provide an average energy
scale correction [25] corresponding to the energies of the
reconstructed particles.
In the calorimeter, the energy deposited by particles is

reconstructed in three-dimensional clusters. These clus-
ters are calibrated according to the associated recon-
structed high-pT object. The energy of these clusters
is summed vectorially, and projections of this sum in the
transverse plane correspond to the negative of the Emiss

T
components [26]. Clusters not associated with any high-
pT object and muons reconstructed in the MS are also
included in the Emiss

T calculation.
Events are selected with exactly one isolated electron

or muon that passes the following kinematic selection cri-
teria. Electrons are required to satisfy ET > 25 GeV
and |η| < 2.47. Electrons in the region between the bar-
rel and the endcap electromagnetic calorimeters (1.37 <
|η| < 1.52) are removed. Muon candidates are required
to satisfy pT > 20 GeV and |η| < 2.5. These selected
leptons lie in the efficiency plateau of the single-lepton
triggers. Only events with four or more reconstructed

jets with pT > 25 GeV and |η| < 2.5 are selected. To
reduce the W+jets background, events are required to
have Emiss

T > 100 GeV and mT > 150 GeV, where mT is
the transverse mass of the lepton and Emiss

T [27]. Events
with either a second lepton candidate with pT > 15 GeV
or a track with pT > 12 GeV, with no other tracks with
pT > 3 GeV within ∆R = 0.4 (∆R ≡

√

∆η2 +∆φ2), are
rejected in order to reduce the contribution from tt dilep-
ton events. In particular the isolated track veto is useful
in reducing single-prong hadronic τ decays in tt dilepton
events. A summary of the background estimates and a
comparison with the observed number of selected events
passing all selection criteria are shown in Table I. A total
yield of 101 ± 16 events is expected from SM sources, and
105 events are observed in data. The background com-
position is similar in the electron and muon channels.

TABLE I: Summary of expected SM yields including statisti-
cal and systematic uncertainties compared with the observed
number of events in the signal region.

Source Number of events
Dilepton tt 62 ± 15

Single-lepton tt/W+jets 33.1 ± 3.8
Multi-jet 1.2 ± 1.2

Single top 3.5 ± 0.8
Z+jets 0.9 ± 0.3

Dibosons 0.9 ± 0.2
Total 101 ± 16
Data 105

The dominant background arises from tt dilepton final
states in which one of the leptons is not reconstructed,
is outside the detector acceptance, or is a τ lepton. In
all such cases, the tt decay products include two high-
pT neutrinos, resulting in large Emiss

T and mT tails. In
MC, the second lepton veto removes 45% of the dilepton
tt and 10% of the single-lepton tt in the signal region.
The veto performance is validated in the data in several
control regions both enhanced and depleted in dilepton
tt, and in all cases the veto efficiencies in MC and data
agree within 10%.
The next largest background comes from single-lepton

sources, including W+jets and tt with one leptonic W
decay. Both the normalization and the shape of the mT

distribution for this combined background are extracted
from the data. First, the yield of the single-lepton back-
ground estimated from simulation is normalized in the
control region 60 GeV < mT < 90 GeV to the data which
gives a correction of (−5 ± 3)%. Next, the shape of the
mT distribution in MC is compared with data in various
signal-depleted control regions, where events satisfy the
signal event selection but have fewer than four jets. In
these control samples events with identified b-jets, based
on lifetime b-tagging [23], are rejected in order to reduce
the dilepton tt̄ background, such that these control sam-
ples are dominated by W+jets events; the corresponding
loss of single-lepton tt̄ from this b-jet veto is accounted

Figure 2: The Feynman diagram for the tt̄ background in the (dominant) dileptontic channel. The
dashed lines represent missing particles at colliders, including a lost lepton that would otherwise
exclude it as a background to our semileptonic stop signal.

backgrounds. Our observables for the leading leptonic background are the 2 b-jets + one lepton

+ Emiss
T subsystem. In fact, the next-to-leading dominant semileptonic tt̄ background also contains

exactly the same subsystem if one disregards the jets from the W decay, so they may be used to bound

this background too. On the other hand, the t̃ t̃∗ signal has the additional missing energy source from

the missing χ̃ particles. Consequently the corresponding variables can take larger values.

In all MT2-type variables, a minimization is performed over all possible ways of dividing E⃗miss
T

between the two decay chains. More explicitly, the minimization is over all possible pairs of 4-momenta,

each with an assumed mass, whose vector sum has transverse components that match E⃗miss
T . The

difference between variables comes in the assignment of visible and missing momentum to the two

decay chains, along with invariant mass or MT constraints imposed on the hidden 4-momenta. In the

following, we define three MT2-type variables with background endpoints roughly at the top mass.

These new variables are not expected to be completely independent, so their performances will be

evaluated in the next section.

The first variable is basically the MT2 of the tt̄ → bW+b̄W− subsystem, which is denoted as M b
T2.

Interpreted in the original MT2 context, it assumes a “missing on-shell W” on each side of the decay

chain. Since the lepton momentum results from the W decay, we add it to the E⃗miss
T . It is defined as

M b
T2 = min

⎧

⎪

⎨

⎪

⎩

⋃

p⃗T
1
+p⃗T

2
=E⃗miss

T
+p⃗T

ℓ

max
[

MT (p⃗b1 , p⃗
T
1 ),MT (p⃗b2 , p⃗

T
2 )
]

⎫

⎪

⎬

⎪

⎭

, (1)

where the W mass is assigned for both pT1 and pT2 and jet masses of pb1 and pb2 are calculated from

5

ATLAS Collaboration,  1.0/fb@ 7 TeV, 1109.4725

The signal is ttbar+MET (one lepton + jets + MET)

mt̃1 � mt +m�̃0
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YB, Cheng, Gallichhio, Gu, 1203.4813

Reduce the ttbar Backgroundwhich 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:

[

p⃗T1 + p⃗T2 = E⃗miss
T , p21 = 0 , (p1 + pℓ)2 = p22 = M2

W ,
(p1 + pℓ + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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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 bℓ
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/
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see also the “topness” variable and a comparison
Graesser and Shelton, 1212.4495
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Reduce the ttbar Background

Minimum Cuts mstop = 500GeV
Emiss

T meff MW
T2 M b

T2 M bl
T2 S20fb−1 B20fb−1 S/B σ

(150) - - - - 34.0 738.4 0.05 1.23
303 - - - - 11.4 16.6 0.69 2.49
303 659 - - - 11.4 16.1 0.70 2.50
299 709 172 - - 9.8 6.2 1.59 3.19
291 743 - 163 - 7.9 3.6 2.21 3.20
300 708 - - 170 9.4 5.6 1.69 3.20
291 742 173 123 109 9.0 4.4 2.04 3.34

Minimum Cuts mstop = 600GeV
Emiss

T meff MW
T2 M b

T2 M bl
T2 S20fb−1 B20fb−1 S/B σ

(150) - - - - 16.7 738.4 0.02 0.60
377 - - - - 4.5 3.0 1.49 2.04
345 696 - - - 6.1 6.3 0.97 2.05
337 727 168 - - 5.9 3.0 2.01 2.66
337 726 - - 168 5.8 2.7 2.17 2.69
333 740 - 157 - 5.3 2.1 2.59 2.73
332 741 168 148 91 5.5 2.1 2.67 2.81

Table 2: Cuts optimized for significance to discover 500GeV and 600GeV stops with 100GeV neu-
tralinos for 20 fb−1 at 7TeV. Again, all runs began with Emiss

T > 150GeV and include a fixed
MT > 150GeV cut (not shown), where there are 2115 and 1938 simulated events for 500 GeV and
600 GeV stops and the same number of background events as in Table 1. Cuts on Emiss

T and MW
T2 still

do almost as well as optimization over all variables, but here these additional cuts can improve S/B.

paper. So, the systematic errors for the actual experimental searches can further reduced.

We also tried a few small variations of these new variables and did not obtain better results.

For example, in M b
T2, using zero mass for W , or not adding the lepton momentum to Emiss

T yields

very similar results, and these variations are more than 95% correlated. Assuming the transverse

momentum of the missing neutrino from the W decay is in the same direction as that of the observed

lepton gives a worse result, since the W bosons in the background events are in general not highly

boosted. An MT2 variable motivated by the signal topology by combining one b-jet with the lepton

and the other b-jet with two non-b-jets also does not help. Our results indicate that if one wants to

choose a minimal set of variables for the semileptonic channel search of the stop direct production for

a wide range of the stop mass, the set (Emiss
T , MT , MW

T2) (even without meff) can achieve nearly the

maximal discriminant power of combining many different variables.

11
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ATLAS Collaboration, ATLAS-CONF-2013-037

Motivated ATLAS Search

Figure 1: Illustration of the amT2 (left) and mτT2 (right) variables used to discriminate against dileptonic
t  t background where one lepton is lost (left) or decays into a hadronically decaying τ (right).

of the variable mT2 [77] to further reduce the dileptonic t  t background. The first variant is a form of
asymmetric mT2 (amT2) [78–80] in which the daughter particle is the W boson for the branch with the
lost lepton and the neutrino for the branch with the observed charged lepton. For dileptonic t  t events with
a lost lepton, amT2 is constructed to be bounded by the top quark mass, whereas new physics can exceed
this bound. The second mT2 variant (mτT2) is designed for events with a hadronic τ lepton by using the W
bosons as parent particles and the ‘τ-jet’ as a visible particle on one branch and the observed lepton for
the other branch. For both mT2 variables, the b-jets are chosen based on the highest b-tagging weight.
For mτT2, the ‘τ-jet’ is the highest pT jet excluding the chosen b-jets. Figure 1 illustrates these two mT2
variables.

Furthermore, requirements on a minimal azimuthal (transverse) separation between the leading or
sub-leading jet and the missing transverse momentum direction (∆φ(jet1,2, p⃗miss

T )) are used to suppress
the backgrounds. Table 1 gives an overview of the SR requirements and the resulting product of the
acceptance and reconstruction efficiency for selected benchmark points. The numbers of observed events
in each signal region after applying all selection criteria are given in Tables 2 through 7.

3.2 Background Modelling

The dominant background arises from dileptonic t  t events in which one of the leptons is not identified,
is outside the detector acceptance, or is a hadronically decaying τ lepton. In all these cases, the t  t decay
products include two or more high-pT neutrinos, resulting in large Emiss

T and large mT.
For each SR two control regions (CRs) enriched in t  t events (TCR) and W+jets events (WCR) are

defined to normalize the corresponding backgrounds using data. Both CRs differ from the corresponding
signal region by the mT requirement which is set to 60 GeV < mT < 90 GeV. The WCR also has a b-jet
veto instead of a b-jet requirement to reduce the t  t contamination. Moreover the requirements on Emiss

T ,
amT2 and mτT2 are slightly loosened for the CRs corresponding to SRs tN2 and tN3. All the other SR
requirements are unchanged in the corresponding CRs. Top production accounts for 60–80% of events
in the top control regions and W+jets production for 70–90% in the W control regions. The maximum
signal contamination for all grid points studied is 10% for the t̃1 → t+ χ̃0

1 CRs and 8% for the t̃1 → b+ χ̃±1
CRs.

For each signal region, a simultaneous fit to the signal region and the two associated control regions is
performed to normalize the t  t and W+jets background estimates as well as determine or limit a potential
signal contribution. The multijet background, which mainly originates from jets misidentified as leptons,
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Figure 6: Expected (black dashed) and observed (red solid) 95% CL excluded region (under the curve)
in the plane of mχ̃01 vs. mt̃1 , assuming B(t̃1 → tχ̃01) = 100%. All uncertainties except the theoretical signal
cross-section uncertainties are included. The contours of the yellow band around the expected limit are
the ±1σ results. The dotted red lines around the observed limit illustrate the change in the observed limit
as the nominal signal cross-section is scaled up and down by the theoretical uncertainty. For comparison
the light grey dashed line shows the expected exclusion limit of the ATLAS stop 1-lepton search on
13 fb−1 [24].

limits, especially for the t̃1 → b + χ̃±1 decay scenario and for the t̃1 → t + χ̃01 decay scenario near the
mt̃1 ! mt + mχ̃01 diagonal.

Figure 9 compares the upper cross section limits at 95% CL for a fixed LSP mass of 50GeV —
which covers a large range of possible top squark masses and also covers quite nicely all three SRtN
signal regions — obtained for signal models where t̃1 is purely t̃L or mostly (∼ 70%) t̃R. The mostly-t̃R
mixing composition is used for all other scenarios studied in this note. The weaker t̃L model exclusion
is mainly the result of a reduced lepton and mT acceptance. The acceptance is affected because the
polarization of the top quark changes as a function of the field content of the supersymmetric particles,
changing the boost of the lepton in the top quark decay. The excluded t̃1 mass reach of the t̃L model is
reduced by about 75GeV, for the assumed LSP mass.

Generic limits on beyond-SM contributions are derived from the same simultaneous fit as used for
calculating the CLs values but without signal model-dependent inputs — the generic signal model in-
cludes neither signal contamination in the control regions, nor experimental and theoretical signal sys-
tematic uncertainties. In the case of the shape fit, the generic signal model assumes, for each EmissT slice,
the presence of events only in the tightest mT bin, the signal being absent in the other bins. The resulting
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• Choose both top quarks to have hadronic decay
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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 E̸T > 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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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
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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:

[

p⃗T1 + p⃗T2 = E⃗miss
T , p21 = 0 , (p1 + pℓ)2 = p22 = M2

W ,
(p1 + pℓ + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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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 bℓ
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/
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✴ transverse mass of the sub-jet + MET 

✴ MT2 constructed from 2 t + MET
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Figure 1: 6E
T

distribution in top and stop events, where we have considered stop decays to massless
neutralinos. The rate is normalized to the number of events with two isolated leptons.

di�cult to separate from top pair production [39]. Furthermore, unlike compressed

supersymmetry scenarios, the events do not become more distinctive when recoiling

against an additional hard jet [40].

The stealth stop regime is the most challenging and can involve a large new physics cross

section at the LHC. This regime is the focus of our current study.

We illustrate the stealth regime in Fig. 1, which shows the missing transverse energy

distribution for dileptonic events from top pairs and 200 GeV stop pairs (decaying as

t̃ ! t�0). This is based on a simulation with cuts that we will describe in Sec. 4.3. The

distributions for tops and stops are very similar, because in the rest frame of the stop, in

the limit of small mass di↵erence and massless �0, the momentum of the decay products

is ⇡ �m = m
˜t � mt. In the lab frame, the �0 carries away invisible momentum of order

� �m, and for production of typical stop pairs the boost is not large.

If a stop decays to a massless neutralino, the transition from the three-body regime

to the stealth regime is not smooth. The three-body decay ends abruptly at m
˜t = mt,

at which point two-body stealth decays dominate until the mass splitting becomes large

enough that the decays are no longer stealthy. The case of a stop decay to a gravitino is

slightly more subtle; the gravitino couples to SUSY breaking, leading to two extra powers

of m
˜t � mt phase-space suppression in the two-body decay rate. This allows the three-

body regime to extend to somewhat higher masses, as illustrated in Fig. 2. (This plot

and others throughout the paper rely on simulations performed with MadGraph 5 [41],

as well as goldstino vertices we have implemented [42] using the UFO format [43]). The

estimates in [8] show that current analyses have weakened sensitivity in the range mt .
m

˜t . 250 GeV, which we will take as our characterization of the stealth stop window.

We review the current searches relevant for stops in Sec. 2, characterizing the extent to

which they are simple top rate measurements in this window. Although more data will

reduce the statistical errors on measurements of the top, both experimental systematics

– 3 –
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Figure 6: ��(`+, `�) for tt̄ production, t̃t̃⇤ 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 [75, 76] 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 [77], with the most recent update achieving 5� significance for the existence

of nonzero correlation e↵ects [78].

In order to confirm the SM top pair spin correlation Ref. [48] proposed a method using

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

experimentally in Tevatron searches [79, 80], 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 [73, 74], it is a small e↵ect in the stealthy regime, as we have

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

– 10 –
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FIG. 7: Estimated 95% exclusion region and 5σ discovery region for t̃R → tB̃/t̃L → th̃0, assuming

a 2012-like data sample of 25 fb−1 at 8 TeV. Our median exclusion boundary is represented by

the solid black line with hash marks, and the ±1σ quantile boundaries define the green band.

Discoverable regions are shaded orange. We also include various existing experimental constraints.

Low-mass LEP exclusions and the complete set of high-mass ATLAS exclusions are shaded light

gray, with the ATLAS dileptonic mT2 region bordered by the dotted black line. The exclusion

boundary from CMS all-hadronic searches (inclusive razor, b-tagged razor, and αT ) is indicated

by the dashed black line. The dotted black line with hashes shows the exclusion possible from

the ATLAS low-pT dilepton search for t̃ → bχ̃+
1 . Red lines indicate the boundaries between the

different N -body kinematic regions.

scale). We nonetheless predict exclusion-level sensitivity in the ranges mt̃ = [110, 190] GeV

and [235, 380] GeV, and a region with discovery-level sensitivity centered at 160 GeV.

While a gap in coverage remains, we expect this to close off as even more data comes in

at the upgraded LHC.10 We also emphasize that our own analysis has not been separately

10 More generally, mixed stops may or may not exhibit this gap. For the weakest mass point, mt̃ ≃ 200 GeV,

scanning over stop mixing angles, we estimate that the borderline case is a mostly-t̃L with |θt̃| ≃ 40◦.
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our own background predictions: tt̄ (green), single-top and tt̄W/Z (blue), electroweak diboson

(purple), l+l−+jets (orange), and total background (black solid). For mT2 we also show three

signal points, corresponding to a massless bino-like neutralino LSP and right-handed stops with

masses of 140 GeV (dot-dashed curve), 183 GeV (dotted curve), and 220 GeV (dashed curve).

(Error bars are Monte Carlo statistics.)

detector effects, are described in detail in appendix A. For the following, we will combine

the same-flavor and different-flavor channels into a single analysis, unlike the ATLAS search

which keeps them separate.

Applying the selection cuts above (except for mT2), we display our distributions for

E̸T and mT2 in Fig. 2. We include the tt̄ distribution estimated by the ATLAS analysis

for comparison. In the latter plot, we also show a small set of signal mT2 distributions,

corresponding to t̃R → tB̃ with mχ̃0
1
= 0 and mt̃ = 140, 183, and 220 GeV.7 The agreement

with the ATLAS tt̄ distributions is generally very good, with the largest statistically-

significant discrepancies (O(20%)) occurring for the lowest two E̸T bins. These do not

contribute to the signal region at largemT2. The largest resolvable discrepancy in modeling

of the other backgrounds, which is not a very significant one, is in the l+l−+jets background.

For mT2 > 120 GeV we predict roughly 0.5 event, whereas ATLAS predicts 1.2 ± 0.5. In

fact, we will soon show the l+l−+jets background to be highly subdominant for our own

7 Though not shown, we also reproduce the shape and normalization of their example signal point,

(mt̃,mχ̃0
1
) = (300, 50) GeV.
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driven by the high pile-up conditions have not been con-
sidered as they are highly dependent on the ability to
reject pile-up jets.

Acknowledgements - We would like to thank
Howard Baer, Matt Buckley, Yu Gao, Tao Han, Ky-
oungchul Kong, Sanjay Padhi, and Lian-Tao Wang
for helpful discussions. This work is supported in
part by DOE Grant No. de-sc0010813, NSF Award
PHY-1206044, and by the World Class University
(WCU) project through the National Research Founda-
tion (NRF) of Korea funded by the Ministry of Edu-
cation, Science, and Technology (Grant No. R32-2008-
000-20001-0). T.K. was also supported in part by Qatar
National Research Fund under project NPRP 5 - 464 - 1
- 080. K.S. is supported by NASA Astrophysics Theory
Grant NNH12ZDA001N.

[1] ATLAS Collaboration, Phys. Rev. D 87, 012008 (2013)
[arXiv:1208.0949 [hep-ex]].

[2] ATLAS Collaboration, J. High Energy Phys. 07, 167
(2012) [arXiv:1206.1760 [hep-ex]].

[3] CMS Collaboration, Phys. Rev. Lett. 109, 171803 (2012)
arXiv:1207.1898 [hep-ex].

[4] ATLAS Collaboration, ATLAS-CONF-2013-047.
[5] CMS Collaboration, arXiv:1303.4571 [hep-ex].
[6] ATLAS Collaboration, ATLAS-CONF-2012-166.
[7] ATLAS Collaboration, ATLAS-CONF-2012-167.
[8] B. Dutta, T. Kamon, N. Kolev, K. Sinha and K. Wang,

Phys. Rev. D 86, 075004 (2012) [arXiv:1207.1873 [hep-
ph]]. D. E. Kaplan, K. Rehermann and D. Stolarski, J.
High Energy Phys. 1207, 119 (2012) [arXiv:1205.5816
[hep-ph]].

[9] T. Han, R. Mahbubani, D. G. E. Walker and L. -T. Wang,
J. High Energy Phys. 0905, 117 (2009) [arXiv:0803.3820
[hep-ph]]. Y. Bai, H. -C. Cheng, J. Gallicchio and J. Gu,
J. High Energy Phys. 1207, 110 (2012) [arXiv:1203.4813
[hep-ph]].

[10] M. R. Buckley, T. Plehn and M. Takeuchi,
arXiv:1302.6238 [hep-ph]. T. Plehn, M. Spannowsky and
M. Takeuchi, J. High Energy Phys. 1208, 091 (2012)
[arXiv:1205.2696 [hep-ph]].

[11] ATLAS Collaboration, LHC14 Whitepaper.
[12] CMS Collaboration, LHC14 Whitepaper.
[13] B. Dutta, T. Kamon, N. Kolev, K. Sinha, K. Wang and

S. Wu, Phys. Rev. D 87, 095007 (2013). M. L. Graesser
and J. Shelton, Phys. Rev. Lett. 111, 121802 (2013).

[14] K. Krizka, A. Kumar and D. E. Morrissey, Phys. Rev.
D 87, 095016 (2013); M. Carena, S. Gori, N. R. Shah,
C. E. M. Wagner and L. -T. Wang, JHEP 1308, 087
(2013).

[15] D. S. M. Alves, M. R. Buckley, P. J. Fox, J. D. Lykken
and C. -T. Yu, Phys. Rev. D 87, no. 3, 035016 (2013).

[16] Z. Han, A. Katz, D. Krohn and M. Reece, J. High Energy
Phys. 1208, 083 (2012) [arXiv:1205.5808 [hep-ph]].

[17] C. Kilic and B. Tweedie, J. High Energy Phys. 1304, 110
(2013) [arXiv:1211.6106 [hep-ph]].

[18] B. Dutta, A. Gurrola, W. Johns, T. Kamon, P. Sheldon
and K. Sinha, Phys. Rev. D 87, 035029 (2013).

[19] A. G. Delannoy, B. Dutta, A. Gurrola, W. Johns, T. Ka-
mon, E. Luiggi, A. Melo and P. Sheldon et al., Phys. Rev.
Lett. 111, 061801 (2013).

[20] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and
T. Stelzer, J. High Energy Phys. 06, 128 (2011)
[arXiv:1106.0522 [hep-ph]].

[21] T. Sjostrand, S. Mrenna and P. Z. Skands, J. High Energy
Phys. 0605, 026 (2006) [hep-ph/0603175].

[22] PGS4 is a parameterized detector simulator. We use
version 4 (http://www.physics.ucdavis.edu/

~

conway/

research/software/pgs/pgs4-general.htm) in the
LHC detector configuration.

t̃1

t̃⇤1



33

Search Region B

mt̃1

m�̃0
1

mb +MW mt

B



34

Stop+Chargino+Neutralino

Figure 1: Left: Feynman diagrams of stop pair production with both stops decaying through a chargino
and with 2 leptons final states. Right: Feynman diagrams of tt̄ pair production with 2 leptons final
states, which is the main background after some basic cuts.

both decay chains after requiring a minimum of the missing traverse energy, as shown in the latest

ATLAS analysis [41] (though the ATLAS analysis used a cut on a MT2 variable instead of missing

transverse energy to suppress other backgrounds). The corresponding Feynman diagram is shown in

the right panel of Fig. 1. In our study, we focus on the tt̄ background, and look for suitable kinematic

variables which can effectively separate the signal from the tt̄ background in order to improve the stop

search in this channel.

The b-jet and lepton momenta in the final state follow from the two mass differences: mt̃1
−mχ̃±

1

and mχ̃±
1

− mχ̃0
1
. The equivalent mass differences for the tt̄ background is fixed by the top and W

masses. As a consequence, we anticipate that for different spectra one may use different kinetic

variables to improve the search. To illustrate this point, we study several representative spectra based

on whether the b-jet and the lepton are harder or softer in the final state. We choose two different

mass gaps between the stop and the neutralino. The first one has 300 − 120 = 180 GeV, which is

close to the top quark mass. The other one has 250 − 120 = 130 GeV with a smaller mass gap than

that of the top background and generically softer leptons and b-jets. For each fixed mass gap between

the stop and the neutralino, we study three different cases with the chargino mass close to the stop

mass, close to the neutralino mass, or at a point with similar mass differences as the W gauge boson

mass between the top and the neutrino masses. The six set of masses are shown in Table 1, where

we label the six different spectra from S1 to S6. We also highlight the characteristic features of the
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Current Status (two-lepton)
ATLAS Collaboration, ATLAS-CONF-2012-167
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Figure 2: Expected 95% CL limits on the masses of the stop, �̃±1 , and �̃0
1, from the analysis of 13.0 fb�1

of 8 TeV collision data. Top: limits on the chargino and stop masses for a massless neutralino. Middle:
limits on the neutralino and stop masses for a fixed value of m(t̃) � m(�̃±1 ) = 10 GeV. Bottom: limits on
neutralino and chargino masses for a fixed 300 GeV stop mass. The dashed line and the shaded band are
the expected limit and its ±1� uncertainty, respectively. The thick solid line is the observed limit for the
central value of the signal cross section. The expected and observed limits do not include the e↵ect of
the theoretical uncertainties on the signal cross section. The dotted lines show the e↵ect on the observed
limit of varying the signal cross section by ±1� of the theoretical uncertainty.
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A Sample of Spectra

mt̃1
(GeV) mχ̃±

1

(GeV) mχ̃0
1
(GeV) b-jets leptons

S1 300 160 120 harder softer

S2 300 200 120 comparable comparable

S3 300 230 120 softer harder

S4 250 160 120 comparable softer

S5 250 180 120 softer softer

S6 250 200 120 softer comparable

Table 1: Six representative signal spectra according to their similarities to the tt̄ background. In the
last two columns, the labels, “softer”, “harder” and “comparable”, mean the comparison of the b-jet
or lepton momenta between the signal and the tt̄ background.

b-jet and lepton momenta by comparing them to the momenta in the tt̄ background. We choose the

mass differences such that even for softer b-jets or leptons, a significant fraction of them can still pass

the cuts and register in the signal events, otherwise alternative search strategies will be needed. All

of these six spectra are not ruled by the current ATLAS search at 8 TeV with 13 fb−1, although the

spectrum S3 is very close to being excluded. We want to emphasize that the current search strategies

at ATLAS [41] using the MT2 variable constructed from the harder leptons will only be sensitive to the

S3-like spectra. For other type of spectra, different variables are generically required to distinguish

the signal from the background. We will come back to this point in Section 4.

Our detailed collider studies are based on the 8 TeV LHC with 22 fb−1, which is roughly the total

integrated luminosity collected by either ATLAS or CMS for the 8 TeV run. Signal and background

events are generated using MadGraph5 [45], and showered in PYTHIA [46]. We use PGS [47] to per-

form the fast detector simulation with modified b-tagging efficiencies that roughly match the latest

ATLAS b-tagging efficiency [48]. For signal events, we do not include the τ leptons from W gauge

boson decays, but they are kept in the background events. This is because this type of background

may become important once the background with direct electrons and muons from W decays are

sufficiently suppressed. The signal production cross section is normalized to be the value calculated

at NLO+NLL [49].1 The tt̄ production cross section is normalized to be 238+22
−24 pb, calculated at

NLO+NNLL [41]. We generated 105 events for each signal spectrum, and 5 × 105 events for the tt̄

di-leptonic background (which is close to the total number of the corresponding background events of

22 fb−1 integrated luminosity).

For the basic cuts on the objects, we closely follow the latest ATLAS analysis [41]: electrons are

1https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections8TeVstopsbottom

4
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MT2 Variables
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Figure 5: M b
T2 distributions for the six signals and the tt̄ background (B). The vertical black line

indicates the top quark mass. The vertical blue line shows the suggested lower cut to increase the S1
signal significance.

one can see that the hardness of b-jets, leptons and Emiss
T can make the signal M bℓ

T2 distribution extend

beyond that of the tt̄ background. On the contrary, the S4, S5 and S6 signal distributions have their

majority of M bℓ
T2 below the top quark mass. So, to increase the signal significance for these spectra,

one may want to impose an upper limit cut on M bℓ
T2 instead.
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T2 distributions for the six signals and the tt̄ background (B). The vertical black line

indicates the top quark mass.

3.3 Compatible-masses Variables

Each of the MT2 variables discussed above only uses a part of the full kinematic information of

each event. For the signals and background in our study, the two decay chains are symmetric. One

can in principle use the three equal on-shell-mass constraints in the two-step decays at the same

time to further distinguish signals from background [53]. For example, we can concentrate on the tt̄

background and define variables to fully utilize the top quark, W gauge boson, and neutrino mass
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A Combination of Variables

5 Conclusions

In this paper, we study the stop search in the chargino decay channel with direct stop production.

We focus on the challenging scenario where the spectrum of the superpartners involved in the decay

is moderately compressed. The overall transverse momentum of the visible particles (2 leptons +

2 b-jets) is similar to or somewhat smaller than that of the tt̄ background, making it difficult to be

distinguished from a tt̄ event. However, depending on the intermediate chargino mass, the distribution

of the individual lepton or b-jet momentum can have different behaviors from the tt̄ background. We

studied many kinematic variables, including the simple traditional variables such as Emiss
T , Meff , and

individual particle pT ’s, the MT2 variables, and the new compatible-masses variables (∆1,2) which

use all on-shell conditions of the tt̄ event topology. We found that different variables are useful for

different spectra. As a summary, we list the signal spectra, their characteristics of the b-jet and lepton

momenta and the best variable(s) of each signal spectrum in Table 5.

mt̃1
(GeV) mχ̃±

1

(GeV) mχ̃0
1
(GeV) b-jets leptons best-variables

S1 300 160 120 harder softer M b
T2

S2 300 200 120 comparable comparable combo-all

S3 300 230 120 softer harder M ℓ
T2

S4 250 160 120 comparable softer pℓT +M ℓ
T2

S5 250 180 120 softer softer combo-all

S6 250 200 120 softer comparable ∆2

Table 5: A summary of the best variables for the six different spectra.

A general conclusion from Table 5 is that different variables should be used for different spectra.

Specifically, if either b-jets or leptons of the signal are harder than the corresponding ones of the tt̄

background, a single MT2 variable can improve the stop search significantly. For example, one could

use M b
T2 for S1 and M ℓ

T2 for S3. For some spectra like S4, the leptons from the signal are softer than

the background, the variables pℓT or M ℓ
T2 can still be useful to improve the search if one imposes an

upper limit cut on these two variables. Similarly for S6, the b-jets from the signal are softer. Imposing

an upper limit cut on the variable ∆2 can improve the search. For S2, both b-jets and leptons are

comparable to those of the background and there is no single variable that works well. For S5, although

both b-jets and leptons are softer than the background, the differences are relatively small and there

is also no single variable that works well. However, a combination of many variables can still give

some improvement for the S2 and S5 spectra.
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malization group approach this corresponds to solving the renormalization group equations for the

scalar soft SUSY breaking squark masses. As has been pointed out in [4], the hypothesis of MFV is

not renormalization group invariant. Flavour off-diagonal squark mass terms are hence induced by

the Yukawa couplings, so that the squark and quark mass matrices cannot be diagonalized simul-

taneously any more and the stop state receives some admixture from the charm squark, inducing a

FCNC between stop, charm and LSP neutralino, t̃1−c−χ̃0
1. From this point of view, the logarithmic

piece of our one-loop result is equivalent to the first order in the expansion of the RGE solution for

the squark-quark-neutralino coupling in powers of α, whereas the tree level decay calculated with

the FCNC coupling includes the resummation of the large logarithms. The comparison of the two

decay widths provides an estimate of the importance of the resummation of the large logarithms.

The outline of our paper is as follows: In section 2 we present the diagrams contributing to

the one-loop decay. We set up our notation for the squark and quark sector in section 3. The

counterterms and the renormalization are discussed in section 4. Section 5 contains the numerical

analysis. We conclude in section 6. In the Appendix we list our Feynman rules, the various

amplitudes contributing to the decay and we derive the FCNC counterterm.

2 One-loop decay

We work in the framework of the MSSM with MFV so that all flavour changing effects with quarks

and squarks are controlled by the quark Yukawa couplings and CKM mixing angles [3]. The decay

of the lightest stop t̃1 into the lightest neutralino χ̃0
1 and a charm quark c,

t̃1 → cχ̃0
1 , (1)

is then mediated at the one-loop level. We consider scenarios where the light stop t̃1 is the next-

to-lightest supersymmetric particle (NLSP) and the lightest neutralino is the LSP. The process is

built up by the stop and charm self-energies and the vertex diagrams, cf. Fig. 1. Note, that in our

calculation we set

mc = 0 . (2)

Therefore in the t̃1 self-energies we have only non-vanishing contributions for transitions into the

left-handed charm squark c̃L. Those into right-handed scharm, c̃R, are zero for mc = 0. All dia-

grams are mediated by charged current loops. The various diagrams which contribute are depicted

in Fig. 2. The self-energies and vertex corrections are divergent and have to be renormalized. The

counterterms for the squark and quark self-energies and for the vertex renormalization are shown

in Fig. 3. The FCNC vertex does not arise at tree level. Its occurrence as counterterm at one-loop

t̃1
c̃L

c

χ̃0
1

t̃1
t

c

χ̃0
1

t̃1

c

χ̃0
1

Figure 1: Generic diagrams contributing to the loop-decay t̃1 → cχ̃0
1.
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3 Experimental signals

3.1 Stop decay rates

Beside gluino production, the most characteristic signal comes from the (mostly right-

handed) light stop. Dark matter considerations motivate the searches for a stop that is near

degenerate with the neutralino LSP, with a mass di↵erence �M ⌘ m
˜t1 � M

DM

⇡ 30GeV.

In this configuration, the stop is usually assumed to decay according to t̃
1

! cN . Here we

point out that four-body stop decays (not suppressed by flavor-changing neutral currents)

can easily become competitive with the two-body flavor-violating decay. In the limit of small

�M , the relevant stop decay widths are
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as well as

�(t̃
1

! Nbud̄) ⇡ �(t̃
1

! Nbcs̄) ⇡ 3�(t̃
1

! Nb`+⌫`) ` = e, µ, ⌧ . (25)

For the decay t̃
1

! cN , the parameter ✓tc is the e↵ective stop–scharm mixing angle. In

general, ✓tc is a free unknown parameter, since it depends on the flavor structure of the soft

terms. Assuming that it vanishes at some high scale ⇤
UV

, a non zero value is generated

by RGE e↵ects due to the SM Yukawa couplings (even in absence of other sources of flavor

violation) [22]. In our scenario, where t̃
1

⇡ t̃R, the leading e↵ect comes from an induced

t̃R–c̃L mixing, which can be estimated as
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where we have omitted O(1) loop functions depending on mass ratios of heavy squarks and

charginos, whose average mass is denoted by m̃.

The t̃
1

! Nb`+⌫` decay receives contributions suppressed by heavy sparticles or mediated

only by virtual SM particles. We here focus on the latter contribution, which is dominant

in our case. This leads to eq. (24), whose derivation is given in the appendix, together with

the matrix element relevant for implementation in Monte Carlo codes.

The two decay channels can dominate in di↵erent regions of the parameter space and

become roughly comparable for ✓tc ⇠ 10�5 and stop–neutralino mass di↵erences motivated by
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Figure 2: The coloured bands show the region in the M
DM

–�M plane where the correct relic abun-

dance is achieved for DM co-annihilating with a scalar/fermion colour-triplet/octet partner. Red:

Sommerfeld corrections neglected. Light green: Sommerfeld corrections included analytically. Dark

green: Sommerfeld corrections and gluon thermal mass included numerically. The LHC 90%CL ex-

clusion is also shown as a vertical grey band. The DM is assumed to be a Majorana fermion. The

case of scalar DM is very similar.

Furthermore, fermion octets also have s-wave annihilations into SM quarks, which for ultra-relativistic

quarks form a (8A, 1) initial state, so that one simply has

�(F8 + F8 ! qq̄)
Sommerfeld

�(F8 + F8 ! qq̄)
perturbative

= S(�3↵
3

2�
). (2.25)

2.3 Results for DM co-annihilations with a coloured partner

By approximating the QCD potential as proportional to 1/r (i.e. by renormalising ↵
3

at some fixed

relevant scale in eq. (2.14)), the above equations provide a simple analytical approximation for the

Sommerfeld corrections S. In fig. 2 we show in light green the bands in the (M
DM

,�M) plane where

the DM thermal abundance reproduces the observed value within ±3 standard deviations.
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Search Region C

3 Experimental signals

3.1 Stop decay rates

Beside gluino production, the most characteristic signal comes from the (mostly right-

handed) light stop. Dark matter considerations motivate the searches for a stop that is near

degenerate with the neutralino LSP, with a mass di↵erence �M ⌘ m
˜t1 � M

DM

⇡ 30GeV.

In this configuration, the stop is usually assumed to decay according to t̃
1

! cN . Here we

point out that four-body stop decays (not suppressed by flavor-changing neutral currents)

can easily become competitive with the two-body flavor-violating decay. In the limit of small

�M , the relevant stop decay widths are

�(t̃
1

! cN) =
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as well as

�(t̃
1

! Nbud̄) ⇡ �(t̃
1

! Nbcs̄) ⇡ 3�(t̃
1

! Nb`+⌫`) ` = e, µ, ⌧ . (25)

For the decay t̃
1

! cN , the parameter ✓tc is the e↵ective stop–scharm mixing angle. In

general, ✓tc is a free unknown parameter, since it depends on the flavor structure of the soft

terms. Assuming that it vanishes at some high scale ⇤
UV

, a non zero value is generated

by RGE e↵ects due to the SM Yukawa couplings (even in absence of other sources of flavor

violation) [22]. In our scenario, where t̃
1

⇡ t̃R, the leading e↵ect comes from an induced

t̃R–c̃L mixing, which can be estimated as
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where we have omitted O(1) loop functions depending on mass ratios of heavy squarks and

charginos, whose average mass is denoted by m̃.

The t̃
1

! Nb`+⌫` decay receives contributions suppressed by heavy sparticles or mediated

only by virtual SM particles. We here focus on the latter contribution, which is dominant

in our case. This leads to eq. (24), whose derivation is given in the appendix, together with

the matrix element relevant for implementation in Monte Carlo codes.

The two decay channels can dominate in di↵erent regions of the parameter space and

become roughly comparable for ✓tc ⇠ 10�5 and stop–neutralino mass di↵erences motivated by

10

Ex
cl
ud
ed
by
LH
C
8

0.0 0.5 1.0 1.5 2.0
0

10

20

30

40

50

60

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Scalar color triplet HstopêbinoL

Thermal abundance

Sommerfeld included

Som
m
erfeld

neglected

Ex
cl
ud
ed
by
LH
C
8

0 2 4 6 8 10
0

50

100

150

200

250

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Scalar color octet

Therm
al abundance

Som
m
erfeld

included

Som
m
erfeld

neglected

Ex
cl
ud
ed
by
LH
C
8

0 1 2 3 4 5 6
0

50

100

150

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Fermion color triplet

Therm
al abundance

Som
m
erfeld

included

Som
m
erfeld

neglected

Ex
cl
ud
ed
by
LH
C
8

0 2 4 6 8 10 12
0

50

100

150

200

250

300

350

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Fermion color octet HgluinoêbinoL

Therm
al abundance

Som
m
erfeld

included

Som
m
erfeld

neglected

Figure 2: The coloured bands show the region in the M
DM

–�M plane where the correct relic abun-

dance is achieved for DM co-annihilating with a scalar/fermion colour-triplet/octet partner. Red:

Sommerfeld corrections neglected. Light green: Sommerfeld corrections included analytically. Dark

green: Sommerfeld corrections and gluon thermal mass included numerically. The LHC 90%CL ex-

clusion is also shown as a vertical grey band. The DM is assumed to be a Majorana fermion. The

case of scalar DM is very similar.

Furthermore, fermion octets also have s-wave annihilations into SM quarks, which for ultra-relativistic

quarks form a (8A, 1) initial state, so that one simply has

�(F8 + F8 ! qq̄)
Sommerfeld

�(F8 + F8 ! qq̄)
perturbative

= S(�3↵
3

2�
). (2.25)

2.3 Results for DM co-annihilations with a coloured partner

By approximating the QCD potential as proportional to 1/r (i.e. by renormalising ↵
3

at some fixed

relevant scale in eq. (2.14)), the above equations provide a simple analytical approximation for the

Sommerfeld corrections S. In fig. 2 we show in light green the bands in the (M
DM

,�M) plane where

the DM thermal abundance reproduces the observed value within ±3 standard deviations.
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Search Region C

3 Experimental signals

3.1 Stop decay rates

Beside gluino production, the most characteristic signal comes from the (mostly right-

handed) light stop. Dark matter considerations motivate the searches for a stop that is near

degenerate with the neutralino LSP, with a mass di↵erence �M ⌘ m
˜t1 � M

DM

⇡ 30GeV.

In this configuration, the stop is usually assumed to decay according to t̃
1

! cN . Here we

point out that four-body stop decays (not suppressed by flavor-changing neutral currents)

can easily become competitive with the two-body flavor-violating decay. In the limit of small

�M , the relevant stop decay widths are
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, (24)

as well as

�(t̃
1

! Nbud̄) ⇡ �(t̃
1

! Nbcs̄) ⇡ 3�(t̃
1

! Nb`+⌫`) ` = e, µ, ⌧ . (25)

For the decay t̃
1

! cN , the parameter ✓tc is the e↵ective stop–scharm mixing angle. In

general, ✓tc is a free unknown parameter, since it depends on the flavor structure of the soft

terms. Assuming that it vanishes at some high scale ⇤
UV

, a non zero value is generated

by RGE e↵ects due to the SM Yukawa couplings (even in absence of other sources of flavor

violation) [22]. In our scenario, where t̃
1

⇡ t̃R, the leading e↵ect comes from an induced

t̃R–c̃L mixing, which can be estimated as
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where we have omitted O(1) loop functions depending on mass ratios of heavy squarks and

charginos, whose average mass is denoted by m̃.

The t̃
1

! Nb`+⌫` decay receives contributions suppressed by heavy sparticles or mediated

only by virtual SM particles. We here focus on the latter contribution, which is dominant

in our case. This leads to eq. (24), whose derivation is given in the appendix, together with

the matrix element relevant for implementation in Monte Carlo codes.

The two decay channels can dominate in di↵erent regions of the parameter space and

become roughly comparable for ✓tc ⇠ 10�5 and stop–neutralino mass di↵erences motivated by
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Figure 2: The coloured bands show the region in the M
DM

–�M plane where the correct relic abun-

dance is achieved for DM co-annihilating with a scalar/fermion colour-triplet/octet partner. Red:

Sommerfeld corrections neglected. Light green: Sommerfeld corrections included analytically. Dark

green: Sommerfeld corrections and gluon thermal mass included numerically. The LHC 90%CL ex-

clusion is also shown as a vertical grey band. The DM is assumed to be a Majorana fermion. The

case of scalar DM is very similar.

Furthermore, fermion octets also have s-wave annihilations into SM quarks, which for ultra-relativistic

quarks form a (8A, 1) initial state, so that one simply has

�(F8 + F8 ! qq̄)
Sommerfeld

�(F8 + F8 ! qq̄)
perturbative

= S(�3↵
3

2�
). (2.25)

2.3 Results for DM co-annihilations with a coloured partner

By approximating the QCD potential as proportional to 1/r (i.e. by renormalising ↵
3

at some fixed

relevant scale in eq. (2.14)), the above equations provide a simple analytical approximation for the

Sommerfeld corrections S. In fig. 2 we show in light green the bands in the (M
DM

,�M) plane where

the DM thermal abundance reproduces the observed value within ±3 standard deviations.
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Search Region C

3 Experimental signals

3.1 Stop decay rates

Beside gluino production, the most characteristic signal comes from the (mostly right-

handed) light stop. Dark matter considerations motivate the searches for a stop that is near

degenerate with the neutralino LSP, with a mass di↵erence �M ⌘ m
˜t1 � M

DM

⇡ 30GeV.

In this configuration, the stop is usually assumed to decay according to t̃
1

! cN . Here we

point out that four-body stop decays (not suppressed by flavor-changing neutral currents)

can easily become competitive with the two-body flavor-violating decay. In the limit of small

�M , the relevant stop decay widths are
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, (24)

as well as

�(t̃
1

! Nbud̄) ⇡ �(t̃
1

! Nbcs̄) ⇡ 3�(t̃
1

! Nb`+⌫`) ` = e, µ, ⌧ . (25)

For the decay t̃
1

! cN , the parameter ✓tc is the e↵ective stop–scharm mixing angle. In

general, ✓tc is a free unknown parameter, since it depends on the flavor structure of the soft

terms. Assuming that it vanishes at some high scale ⇤
UV

, a non zero value is generated

by RGE e↵ects due to the SM Yukawa couplings (even in absence of other sources of flavor

violation) [22]. In our scenario, where t̃
1

⇡ t̃R, the leading e↵ect comes from an induced

t̃R–c̃L mixing, which can be estimated as
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where we have omitted O(1) loop functions depending on mass ratios of heavy squarks and

charginos, whose average mass is denoted by m̃.

The t̃
1

! Nb`+⌫` decay receives contributions suppressed by heavy sparticles or mediated

only by virtual SM particles. We here focus on the latter contribution, which is dominant

in our case. This leads to eq. (24), whose derivation is given in the appendix, together with

the matrix element relevant for implementation in Monte Carlo codes.

The two decay channels can dominate in di↵erent regions of the parameter space and

become roughly comparable for ✓tc ⇠ 10�5 and stop–neutralino mass di↵erences motivated by
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Figure 2: The coloured bands show the region in the M
DM

–�M plane where the correct relic abun-

dance is achieved for DM co-annihilating with a scalar/fermion colour-triplet/octet partner. Red:

Sommerfeld corrections neglected. Light green: Sommerfeld corrections included analytically. Dark

green: Sommerfeld corrections and gluon thermal mass included numerically. The LHC 90%CL ex-

clusion is also shown as a vertical grey band. The DM is assumed to be a Majorana fermion. The

case of scalar DM is very similar.

Furthermore, fermion octets also have s-wave annihilations into SM quarks, which for ultra-relativistic

quarks form a (8A, 1) initial state, so that one simply has

�(F8 + F8 ! qq̄)
Sommerfeld

�(F8 + F8 ! qq̄)
perturbative

= S(�3↵
3

2�
). (2.25)

2.3 Results for DM co-annihilations with a coloured partner

By approximating the QCD potential as proportional to 1/r (i.e. by renormalising ↵
3

at some fixed

relevant scale in eq. (2.14)), the above equations provide a simple analytical approximation for the

Sommerfeld corrections S. In fig. 2 we show in light green the bands in the (M
DM

,�M) plane where

the DM thermal abundance reproduces the observed value within ±3 standard deviations.
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Projection

22 5 Discovery Potential: Supersymmetry

improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.
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Conclusion

mt̃1

m�̃0
1

mb +MW mt

AA*BC
D

(stop is LSP)

stop jet

lon
g-l

ive
d s

to
p

(co
ve

red
 by

 10
0 T

eV
 co

llid
er)

?



46

Discovery of the Higgs Boson

just one month before the discovery



46

Discovery of the Higgs Boson

just one month before the discovery



Thanks


