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Introduction

• Sizeable mixing of gauge eigenstates to form mass
eigenstates for the third generation squarks

• Lightest stop squark (t̃1):

◦ Can be relatively light (150-250 GeV)
◦ Can be produced in pairs with high cross section at

the LHC or appear in the gluino cascade decay
◦ Produce b and t in its decay
◦ Ligh stops favored in several models for SUSY to

solve the hierarchy problem naturally
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Signal Production and Decay
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• Stop production :

◦ Direct t̃1 t̃
∗
1 production

◦ Gluino-mediated with g̃ → t̃1t

• Tevatron searches based on direct stop
production and t̃1 → cχ̃0

1 or t̃1 → b`ν̃ decays

• Stop decays explored at LHC:

◦ t̃1 → tχ̃0
i

◦ t̃1 → bχ̃±j

• Final state with 2-4 heavy quarks (b or t)

• Signature: b-jets, Emiss
T , light jets, leptons

• Possible analysis strategies:
◦ b-jets: 1 lepton+b-jets, several b-jets
◦ Jets: large jet multiplicities
◦ Leptons: 2 opposite- or same-sign

leptons, 3 leptons

• In t̃1 t̃
∗
1 production, leptonic decays in both

legs lead to opposite-sign dileptons
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Outline

• General talks on searches for New Physics with heavy flavor by R. Cavanaugh
and T. Golling on Wednesday

• Summary of recent results from gluino-mediated and direct stop searches

• Results from stop searches in ATLAS and CMS:

◦ ATLAS search for gluino mediated stop with 1 lepton, b-jets and Emiss
T

(2.05 fb−1): arXiv:1203.6193, submitted to PRD

◦ ATLAS search for gluino mediated stop with large jet multiplicities and
Emiss

T (4.7 fb−1): ATLAS-CONF-2012-037

◦ ATLAS search for gluino mediated stop with 2 same-sign leptons, jets and
Emiss

T (2.05 fb−1): arXiv:1203.5763, submitted to PRL

◦ CMS search for gluino mediated stop with 2 same-sign leptons, b-jets and
Emiss

T (4.7 fb−1): CMS-PAS-SUS-11-020

◦ ATLAS search for direct stop in GMSB models with 2 same-flavour

opposite-sign leptons, b-jets and Emiss
T (2.05 fb−1): arXiv:1204.6736

submitted to PLB
• Some of those analysis have signal regions and interpretations aiming at other

models (MSUGRA, sbottom production, SO(10), etc.), but only stop
interpretations will be discussed in this talk
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Background Estimation Methods

• Typical background estimation methods used in stop analyses:

◦ Top, W+jets:

• Estimated with “transfer factors” using background-enhanced control regions:

Nest,Bkg
SR =

NMC
SR

NMC
CR

(Ndata
CR − NMC,others

CR )

• Correlated systematics between numerator and denominator largely cancel

◦ QCD and fake-lepton backgrounds:

• Estimated from data

• Pass-fail matrix method based on a looser lepton definition commonly used for

fake-lepton estimations

◦ Smaller irreducible backgrounds: diboson, associated tt̄ production, etc.

• Using Monte Carlo

◦ Charge flip in same-sign dilepton analyses: e∓hard → γharde
∓
soft → e∓softe

∓
softe

±
hard

• Semi data-driven

• Uncertainties affecting the results:

◦ Experimental uncertainties: jet energy scale calibration, b-tagging efficiency, etc.

◦ Theoretical uncertainties: renormalization and factorization scales, PDF, etc.

Ximo Poveda (IU) Chicago 2012 workshop on LHC physics May 4, 2012 5



ATLAS 1` + b-jets + Emiss
T (2.05 fb−1)

• Exploiting the presence of b-jets from the top decays and the leptons produced
from the leptonic top decays

• Analysis selection:

◦ Single lepton trigger → one lepton (` ≡ e or µ) with pT(e, µ) > 25, 20 GeV
◦ Veto on additional leptons
◦ At least four jets with pT(jet1) > 60 GeV and pT(jet2,3,4) > 50 GeV
◦ One of the four leading jets must be b-tagged
◦ Emiss

T > 80 GeV

◦ mT =
q

2 · p`
T · E

miss
T · (1− cos(∆φ(`, Emiss

T )) > 100 GeV

• Signal regions:

◦ SR1-D: meff =
P

i p
jet,i
T +

P
j p`,j

T + Emiss
T > 700 GeV

◦ SR1-E: meff > 700 GeV, Emiss
T > 200 GeV

• Background estimation:

◦ Non-QCD background:
Semi data-driven estimation using transfer factors from control region
(40 < mT < 100 GeV, meff > 500 GeV)

◦ QCD background:

Estimated from data using a pass-fail matrix method
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ATLAS 1` + b-jets + Emiss
T (2.05 fb−1): Results

• No excess over the SM prediction
observed:

Sig. Reg. SM background Data
SR1-D (e) 39 ± 12 43
SR1-D (µ) 38 ± 14 38
SR1-E (e) 8.1 ± 3.4 11
SR1-E (µ) 6.3 ± 4.2 6
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FIG. 5: Distribution of the effective mass (top) and Emiss
T (bottom) for the 1-electron (left) and 1-muon (right) channel

in SR1-D. The color labelled “Others” includes contributions from Z, di-boson and multi-jet production processes.
The hatched band shows the systematic uncertainty, which includes both experimental uncertainties (among which
JES and b-tagging uncertainties are dominant) and theoretical uncertainties on the background normalisation and
shape. The small insets show the ratio between the observed distribution and that predicted for the Standard Model

background.

since the mass of all other sparticles apart from the χ̃0
1

is set above the TeV scale. A three-body decay via off-
shell stop is assumed for the gluino, such that t̃1

(∗) → tχ̃0
1

(BR=100% for g̃ → tt̄χ̃0
1). Exclusion limits are presented

in the (mg̃, mχ̃0
1

) plane.

Gtb models (1-lepton): Simplified scenarios,
where b̃1 and t̃1 are the lightest squarks but mg̃ < m

b̃
1
,t̃

1

.

As for the models above, pair production of gluinos
is the only process taken into account, with gluinos
decaying via virtual stops or sbottoms with a BR of
100% assumed for t̃1 → b + χ̃±1 and b̃1 → t + χ̃±1 ,
respectively. The mass difference between charginos and
neutralinos is set to 2 GeV, such that the products of
χ̃±1 → χ̃0

1 + ff ′ are invisible to the event selection, and
gluino decays result in three-body final states (bt̄χ̃0

1 or
tb̄χ̃0

1). Exclusion limits are presented in the (mg̃, mχ̃0
1

)

plane.

The 0-lepton analysis is mostly sensitive to the SUSY
scenarios where sbottom production dominates, whilst
the 1-lepton analysis results are employed to set exclusion

limits in models characterised by on-shell or off-shell stop
production, where top-enriched final states are expected.
Since several signal regions are defined for each analysis,
the SR with the best expected sensitivity at each point in
parameter space is adopted as the nominal result across
the different planes.

The efficiency times acceptance of the selection
strongly depends on the parameters of the model and
the signal region considered. It varies between 5% and
50% in the proximity of the expected limit for the gluino-
sbottom model. For the Gbb models, the efficiency times
acceptance is highly dependent on the difference in mass
between the gluino and the neutralino. It is about 1% for
a mass difference of about 200 GeV, and it increases up
to 45% for larger mass splitting. In the Gtb, gluino-stop
and Gtt models, the efficiency times acceptance varies
typically between 1 and 20% in the proximity of the ex-
pected limit.

Systematic uncertainties on the signal include experi-
mental (JES, JER, b-tagging) and theoretical uncertain-
ties. Experimental uncertainties are considered fully cor-
related with those obtained for the background, and they
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ATLAS Multijet Analysis (4.7 fb−1)

• Analysis requiring high Emiss
T , no isolated lepton, and > 6 to > 9 jets

• Multijet trigger (4 jets with pT > 45 GeV or 5 jets with pT > 30 GeV)

• 6 signal regions defined (8j55 and 9j55 sensitive to t̃1 production):

Signal region 7j55 8j55 9j55 6j80 7j80 8j80

Isolated leptons (e, µ) =0

Jet pT > 55 GeV > 80 GeV

Jet |η| < 2.8

Number of jets ≥ 7 ≥ 8 ≥ 9 ≥ 6 ≥ 7 ≥ 8

E
miss
T /

√
HT > 4 GeV1/2

Table 1: Definitions of the six signal regions.

For events containing no isolated electrons or muons, six non-exclusive signal regions (SRs) are
defined as shown in Table 1. The first three require at least seven, eight or nine jets, respectively, with
pT > 55 GeV; the latter three require at least six, seven or eight jets, respectively, with pT > 80 GeV. The
final selection variable is E

miss
T /

√
HT, the ratio of the magnitude of the missing transverse momentum to

the square root of the scalar sum HT of the transverse momenta of all jets with pT > 40 GeV and |η| < 2.8.
This ratio provides an estimate of the significance of the missing transverse momentum relative to the
resolution due to stochastic variations in the measured jet energies [25]. The value of E

miss
T /

√
HT is

required to be larger than 4 GeV1/2 for all signal regions.
No additional requirement is made on the separation between selected jets. The simple requirement

an off-line jet multiplicity at least one larger than that used in the trigger achieves a high trigger efficiency
(> 98%) without the need to require any minimum jet-jet separation. Compared to Ref. [13], where jets
were required to be separated by ∆R > 0.6, the signal acceptance increases by a factor of two to five in
the relevant region.

The dominant backgrounds are multi-jet production, including purely strong interaction processes
and fully hadronic decays of tt̄; semi- and fully-leptonic decays of tt̄; and leptonically decaying W or Z

bosons produced in association with jets. Non-fully-hadronic top, and W and Z are collectively referred
to as ‘leptonic’ backgrounds, and can contribute to the signal regions when no e or µ leptons are produced
(for example Z → νν or hadronic W → τν decays) or when they are produced but are outwith acceptance
or fail reconstruction criteria. Contributions from gauge boson pair and single top quark production are
negligible. The determination of the multi-jet and ‘leptonic’ backgrounds is described in Sections 6 and
7, respectively.

5 Monte Carlo simulations

Monte Carlo simulations are used to develop the analysis, as part of the ‘leptonic’ background determi-
nation process, and to assess sensitivity to specific SUSY signal models. The ‘leptonic’ backgrounds are
generated using Alpgen2.13 [26] with the PDF set CTEQ6L1 [27]. Fully-leptonic tt̄ events are generated
with up to five additional partons in the matrix element, while semi-leptonic tt̄ events are generated with
up to three additional partons in the matrix element. W + jets and Z → νν̄ + jets are generated with up
to six additional partons, and the Z → �+�− + jets (for � ∈ {e, µ, τ}) process is generated with up to five
additional partons in the matrix element. In all cases, additional jets are generated via parton showering,
which, together with fragmentation and hadronization, is performed by HERWIG [28, 29]. JIMMY [30] is
used to simulate the underlying event.

Supersymmetric production processes are generated using Herwig++2.4.2 [31]. Signal cross sec-
tions are calculated to next-to-leading order in the strong coupling constant, including the resummation

3

• Emiss
T cut as a function of HT =

P
jet pjet

T → Minimal cut on Emiss
T > 84, 89 GeV

for 8j55, 9j55

• Background estimation:

◦ “Multi-jet” backgrounds (QCD, fully hadronic tt̄, W and Z decays):
Estimated from data using control regions with lower Emiss

T /
√

HT and/or jet
multiplicity

◦ “Leptonic” backgrounds (non-fully-hadronic decays of tt̄, W+jets and Z+jets):

Estimated from control regions using transfer factors
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ATLAS Multijet Analysis (4.7 fb−1): Results

• No excess observed over the SM
prediction:

• Results interpreted in the same
g̃ → tt̄χ̃0

1 model used for the 1
lepton+b-jet analysis  [GeV]g~m
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• Low sensitivity in the region close to the kinematic limit (mg̃ & 2mt + mχ̃0
1
)

similarly to the 1 lepton+b-jets analysis

• Both analyses have strong requirements on meff, around 500-700 GeV →
Reduced sensitivity for final states with small mass splitting between g̃ and its
decays products
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ATLAS 2` SS + jets + Emiss
T (2.05 fb−1)

• Exploit same-sign (SS) dilepton signature
with softer jet cuts

• Analysis selection:

◦ Single lepton and dilepton triggers
◦ At least two leptons (e or µ) with

pT > 20 GeV
◦ The leading lepton pair must be SS

◦ At least four jets with pT > 50 GeV

• Signal region for stop search:

◦ SR2: Emiss
T > 150 GeV, mT > 100 GeV

• SM background evaluation:

◦ “Fake-lepton” background:
Matrix method

◦ Electron charge mis-ID:
Semi data-driven

◦ Diboson and associated tt̄ production
(tt̄ + X ):

Directly from MC
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ATLAS 2` SS + jets + Emiss
T (2.05 fb−1): Results

• Very small background
expectation

• No event observed in signal
region:
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• Results interpreted in the g̃ → tt̄χ̃0
1 simplified model

• Comparison with 1 lepton+b-jets: 2 SS lepton slightly worse at high mg̃ but
better at high mχ̃0

1
(softer cuts: 4 jets of 50 GeV and Emiss

T > 150 GeV)
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Other Interpretations: g̃ → tt̃1 → tbχ̃±1
• Results from the 1 lepton+b-jets and 2 SS lepton analysis also interpreted in

other models

• MSSM scenario considering both g̃ g̃ and t̃1 t̃
∗
1 production

• Mass spectrum:
◦ All quarks heavier than gluino except stop with mg̃ > mt̃1

+ mt

◦ m
χ̃±1

' 2mχ̃0
1
, mχ̃0

1
= 60 GeV

• Decays: BR(g̃ → t̃1t) = 1, BR(t̃1 → bχ̃±1 ) = 1 and BR(χ̃±1 → χ̃0
1`
±ν)=11%
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• Exclusion of stop masses of ∼450 GeV for gluino masses of ∼650 GeV
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CMS 2` SS + b-jets + Emiss
T (4.7 fb−1)

• Using the SS dilepton and b-jet signatures
together

• Analysis selection:

◦ Dilepton triggers
◦ Two SS leptons (e or µ) with

pT > 20 GeV
◦ Veto events with a third lepton if

compatible with a Z boson

◦ At least two b-jets with pT > 40 GeV

• Signal regions built with Emiss
T and HT cuts

(SR4, SR5 and SR6 aiming at stop
production)

• SM background evaluation:

◦ “Fake-lepton” background:
Control sample with loose leptons scaled
with probability of passing tight selection

◦ Charge flip:
Semi data-driven

◦ Rare SM processes producing SS leptons:

Directly from MC
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CMS 2` SS + b-jets + Emiss
T (4.7 fb−1): Interpretation

• Results interpreted in two models:
◦ Model A1: g̃ g̃ production with g̃ → tt̄χ̃0

1 (off-shell stop), same as in ATLAS
analysis

◦ Model A2: g̃ g̃ production with g̃ → t̃1t → tt̄χ̃0
1 (on-shell stop) with fixed
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ATLAS GMSB 2` SF-OS + b-jets + Emiss
T (2.05 fb−1)

• Only LHC result about direct stop searches so far was obtained within the
context of GMSB models with light higgsinos

• Model parameters: mq̃3 = mũ3 = −At/2; tan β = 10

• Light higgsinos: χ̃0
1 and χ̃±1 almost degenerate in mass

• Only t̃1 t̃
∗
1 pair production considered

• Squark and gluino mass above 2 TeV

• Stops decays: t̃1 → bχ̃+
1 or t̃1 → tχ̃0

1(2) (if
kinematically allowed)

• Neutralino decays: BR(χ̃0
1 → ZG̃)=0.65-1 for

mχ̃0
1

= 100− 350 GeV

• Expected signal: two b-jets, decay products of Z (or h) and large Emiss
T from

the undetected gravitinos.

• Exploring signature with 2 same-flavor opposite-sign leptons, b-jets and Emiss
T
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ATLAS GMSB 2` SF-OS + b-jets + Emiss
T (2.05 fb−1)

• Analysis selection:

◦ Single electron and muon+jet triggers
◦ Two same-flavor opposite-sign leptons (e

or µ) with pT > 20 GeV (leading lepton
pT > 25 GeV if it is an electron)

◦ Invariant mass: 86 < m`` < 96 GeV
◦ At least two jets with

pT(jet1,2) > 60, 50 GeV

◦ At least one b-jet with pT > 50 GeV

• Signal regions: SR1 (Emiss
T > 50 GeV) and

SR2 (Emiss
T > 80 GeV)

• SM background evaluation:

◦ Top: with transfer factors from control
region of inverted m``

◦ Z+hf: from MC and validated in
low-Emiss

T control regions
◦ Fake leptons (W+jets, multi-jet):

Matrix method

◦ Diboson, tt̄ + X : from MC
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Summary

• Several searches for stop performed with 2.05-4.7 fb−1 of LHC data in ATLAS
and CMS

• Exploring signatures with one or several b-jets, one or two leptons (same-sign
or opposite-sign), jets and Emiss

T

• No excess observed so far:

◦ Model independent limits on σ × ε× A
◦ Interpretations within specific models (g̃ → tt̄χ̃0

1, g̃ → t̃1t with t̃1 → tχ̃0
1 or

t̃1 → bχ̃±1 ) or GMSB scenarios

◦ CMS limit in g̃ → tt̄χ̃0
1 model with 2-lep (SS) + b-jets:

g̃ mass of 740 GeV (m(χ̃0
1) < 380 GeV) [CMS-PAS-SUS-11-020]

◦ Summary of ATLAS limits:

• Updates to full 2011 dataset and other analyses for direct stop production in
preparation → Results about regions never probed before: STAY TUNED!
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BACKUP
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Pre-LHC Results on Stop Searches
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ATLAS and CMS Experiments
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Data Taking in 2011
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