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• The B-L model is a U(1)B-L gauged extension to the MSSM. 

• Additional particle content: right-handed neutrinos

• R-parity is not conserved in this model so the “collider” LSP can 
carry color and electric charge.

• Gravitino LSP provides a dark matter candidate

• No missing energy

• Only lepton number is violated  
→ proton is stable

• Observables in this model are related  
to the neutrino hierarchy.

• RPV couplings are small since  
related to neutrino mass
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B-L STOP: MOTIVATION

1401.7989
1402.5434

Stop LSP decay:

1503.01473
1412.6103
Minimal SUSY B-L:

R = (-1)3(B-L)+2s
22

FIG. 4. Same as Fig 3 except with a Gaussian distributed scan over the neutrino parameters as described in Eq (37).

ratios to conclude the following.

• If the branching ratio to bottom–electron is the largest branching ratio, the neutrino mass hierarchy

is likely to be the inverted hierarchy.

• If the branching ratio to bottom–muon is found to be highly dominant, then neutrino masses are

likely to be in a the normal hierarchy. If this branching ratio is only slightly dominant, the hierarchy

cannot be determined from from this measurement alone, because it is compatible with both normal

and inverted hierarchy. However, if the hierarchy were determined to be inverted from some other

experiment, this measurement would favor the central value of sin2 ✓
23

⇠ 0.446 over sin2 ✓
23

⇠
0.587.

• The case where the branching ratio to bottom–tau is highly dominant, the normal hierarchy is favored.

If it is only slightly dominant, neither hierarchy is favored, but the central value of sin2 ✓
23

= 0.587

would be slightly favored over sin2 ✓
23

= 0.446 if the hierarchy were determined to be inverted from

some other experiment.

All tau decays 
bτbτ

All electron decays 
bebe

All muon decays  
bμbμ



INTRODUCTION
• We are interested in the pair production of top squarks 

which then decay via the B-L R-parity violating (RPV) coupling

• If the stop is the (n)LSP, it  
preferentially decays to a lepton (ℓ)  
and a b-quark (b). 

• We search for final states with eebb,  
μμbb, eμbb, with a resonance in the invariant mass mbℓ.

• Results are reinterpreted with BR(t→̃bτ)≠0 for leptonically 
decaying taus.

• Run1 search excludes masses from 500 to1000 GeV for 
branching ratios of at least 20% to be or bμ
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SIGNAL MODEL
• Assume standard t ̃pair production then decay with  

RPV coupling

• Signal points are generated with mt ̃ranging from 600 GeV to 
1.6 TeV and with equal BR to be, bμ, bτ
• Signal model does not necessarily  

have equal BR to each lepton flavor
• We apply truth reweighting to  

probe any BR

• Signal Regions are optimized assuming  
BR(t→̃be)=BR(t→̃bμ)=50%

• Most tables and figures presented  
here assume these BRs
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Stop 
mass 
[GeV]

Pair production cross section [fb]
(NLO+NLL Tool)

√s=8 TeV √s=13 TeV

600 25±4.1 175±23

800 2.9±0.6 28±4.0

1200 (7.6±2.8)×10-2 1.6±0.3

1500 (6.6±3.4)×10-3 0.26±0.06
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BL PAIRING
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• Select from the event: 2 highest pT leptons  
(pT > 40 GeV) and 2 highest pT jets (pT > 60 GeV), at least 
one of which must be b-tagged (overall 77% efficient as 
measured with ttbar)

• To identify the jet and lepton from the same stop decay leg, 
select the 2 pairs which minimize mbℓ asymmetry  

• We now have two selected (mbℓ
acc0 > mbℓ

acc1) and two 
rejected (mbℓ

rej0 > mbℓ
rej1) bℓ pairs

• We search for a resonance in mbℓ
acc
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DRAFT

The lepton–jet pair of each t̃ decay will roughly reconstruct the invariant mass mb` of the original t̃. In an222

event with two leptons and two jets, two pairings are possible; one that reconstructs the correct t̃ masses,223

and one which inverts the pairing and incorrectly reconstructs the masses. As the two masses should be224

roughly equal, the pairing which minimizes the mass asymmetry between m0
b` and m1

b` is chosen, defined225

as226

masym
b` =

m0
b` � m1

b`

m0
b` + m1

b`

.

Here m0
b` is chosen to be the larger of the two masses. Events are further selected to have small mass227

asymmetry masym
b` < 0.2. This reduces the contamination from background processes, whose random228

pairings lead to a more uniform masym
b` distribution.229

Two nested signal regions (SRs) are constructed to optimize the identification of signal over background230

events. The signal regions are optimized using MC signal and background predictions, assuming t̃ decays231

of Br(t̃ ! be) = Br(t̃ ! bµ) = 50%. A primary kinematic selection of the signal regions is on m0
b` , with232

SR800 requiring m0
b` > 800 GeV and SR1100 requiring m0

b` > 1100 GeV. By defining two signal regions233

the sensitivity to high mass signals above 1100 GeV is improved, while still allowing for sensitivity to234

lower mass signals. Several other kinematic selections, common to both SRs, are defined to reduce the235

contribution of the largest backgrounds. As the t̃ decay products are generally very energetic, a selection236

on their pT sum,237

HT =
2’
i=1

p`iT +
2’
j=1

p
jet j
T

is applied, such that HT > 1000 GeV. To reduce contamination from Z+jets events, a requirement is placed238

on the invariant mass of two same-flavor leptons, with m`` > 300 GeV. A large fraction of background239

processes involving a top quark is suppressed through the requirement on m0
b` and masym

b` , with correctly240

reconstructed top masses falling well below the signal region requirements. However, top decays in which241

the lepton and b-jet decay products are mispaired can enter the SRs if the incorrectly reconstructed masses242

happen to be large. In such cases it is the rejected pairing that properly reconstructs the top decay, with243

one of the two b` pair masses below the kinematic limit for a top decay. To suppress such backgrounds,244

events are rejected if the subleading b` mass of the rejected pairing, m1
b`(rej), is compatible with that of a245

reconstructed top quark, with m1
b`(rej) < 150 GeV.246

The distribution of predicted signal and background events is shown for the SR800 region in Fig. 2 for m0
b` ,247

HT, masym
b` , m`` , and m1

b`(rej), demonstrating the potential for background rejection. For the 1000 GeV248

(1500 GeV) mass signal model, the SR800 selections are 21% (24%) e�cient for events with two t̃ ! be249

decays, 16% (16%) for events with two t̃ ! bµ decays, and 0.1% (0.3%) for events with two t̃ ! b⌧250

decays.251

6 Background estimation252

For each of the relevant backgrounds in the signal regions, one of two methods is used to estimate the253

contribution. For the minor diboson, tt̄ +V , and W+jets backgrounds, the prediction from MC simulation254
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MAJOR BACKGROUNDS
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• Drell-Yan, ttbar, and single top

• Reduce all backgrounds using a 
cut on HT = scalar sum of pT of 
2 signal leptons and 2 signal jets

• Reduce ttbar and single top 
using a cut when the rejected 
bℓ pairing reconstructs the top 
decay

• Reject Drell-Yan using a cut on 
mℓℓ
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SELECTION
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• Signal is expected to have: 
• mbℓ

acc resonance, reconstructing stop mass 
• small mbℓ

asym 

• In contrast, backgrounds are expected:
• to fall off with mbℓ

acc

• to be relatively flat with mbℓ
asym

• Define two nested signal regions (SRs) for 
low- and high- mass signals:  
→ Require mbℓ

acc
 > 800 or 1100 GeV  

→ Require mbℓ
asym 

< 0.2 for all regions
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DRAFT

is taken, corrected to the highest order theoretical cross section available. For the dominant tt̄, single-top,255

and Z+jets backgrounds, the expected yield in the SRs is estimated by scaling each MC prediction by a256

normalization factor (NF) derived from three dedicated control regions (CRs), one for each background257

process. Each control region is defined to be kinematically close to the SRs while inverting or relaxing258

specific selections to enhance the contribution of the targeted background process while reducing the259

contamination from other backgrounds and the benchmark signals.260

To derive a background-only estimation, the normalizations of the tt̄, single-top, and Z+jets backgrounds261

are determined through a likelihood fit [77] performed simultaneously to the observed number of events262

in each CR. The expected yield in each region is given by the inclusive sum over all background processes263

in the ee, eµ, and µµ channels. The NF for each of the tt̄, single-top, and Z+jets backgrounds are free264

parameters of the fit. The systematic uncertainties are treated as nuisance parameters in the fit.265

Several validation regions (VRs) are defined to test the extrapolation from the CRs to SRs over the relevant266

kinematic variables. The VRs are disjoint from both the CRs and SRs, and are constructed to fall between267

one or more CRs and the SRs in one of the extrapolated variables. The VRs are not included in the fit, but268

provide a statistically independent cross-check of the background prediction in regions with a negligible269

signal contamination. Three VRs are constructed to test the extrapolation in the m0
b` , m1

b`(rej), and HT270

observables. A fourth VR is constructed to validate the extrapolation of the Z+jets CR in m`` . Details of271

the selection criteria in each CR and VR are presented below, and a summary of the selections is provided272

in Table 2.273

Region Nb m0
b` [GeV] m1

b`(rej)[GeV] HT [GeV] m`` [GeV] mCT [GeV]
SR800 � 1 > 800 > 150 > 1000 > 300 –
SR1100 � 1 > 1100 > 150 > 1000 > 300 –

CRtt � 1 [200,500] < 150 [600,800] > 300 < 200⇤
CRst = 2 [200,500] < 150 < 800 > 120 > 200
CRZ � 1 > 700 – > 1000 [76.2,106.2] –

VRm0
b` � 1 > 500 < 150 [600,800] > 300 –

VRm1
b`(rej) � 1 [200,500] > 150 [600,800] > 300 –

VRHT � 1 [200,500] < 150 > 800 > 300 –
VRZ = 0 [500,800] > 150 > 1000 > 300 –

Table 2: Summary of the selections of the signal, control, and validation regions. All regions require at least two
oppositely charged leptons and at least two jets. Each region requires at least one of the two leading jets to be
b-tagged with the exception of CRst, which requires both leading jets to be b-tagged, and VRZ , which requires zero
b-tagged jets in the event. A mass asymmetry selection of masym

b` < 0.2 is applied to all regions. The contransverse
mass selection mCT (Eq. 1) is only applied to events in CRtt with exactly two b-tagged jets, as indicated by the ⇤,
ensuring the region is orthogonal to CRst.

6.1 Single-top control region274

The single-top background enters the SR through the Wt process, when the b` pair produced in the275

leptonic top quark decay are incorrectly paired with the lepton from the W decay and an additional jet276

from QCD radiation. The CRst control region is designed to target the Wt production in a less-energetic277

kinematic region or where the rejected b` pairing correctly associates the decay products of the top quark.278

To separate CRst from the SRs, the HT and m0
b` requirements are reversed such that HT < 800 GeV and279
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+ mbℓasym≤0.2 for all regions
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BACKGROUND ESTIMATION
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• Dedicated control regions (CRs) are defined to set 
 background rates for ttbar, single top, and Drell-
Yan, then applied to validation regions (VRs) and 
SRs

• Four VRs  
extrapolate  
one variable  
each between  
CRs and SRs
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DRAFT

(a) m0
b`

(b) m1
b`(rej)

(c) HT (d) m``

Figure 5: A comparison of data to the post-fit MC prediction for (a) m0
b` in VRm0

b` , (b) m1
b`(rej) in VRm1

b`(rej), (c)
HT in VRHT, and (d) m`` in VRZ . Normalization factors are derived from the background-only fit configuration
and are applied to the dominant tt̄, single-top, and Z+jets processes. The bottom panel shows the ratio between
the data and SM prediction. The hashed uncertainty band includes the statistical uncertainties on the background
prediction. The last bin includes the overflow events.

events at LO, and compared with the combined yields of LO-generated tt̄ and Wt samples.354

The theoretical uncertainties on the Z+jets, diboson, and tt̄+V samples are calculated by varying generator355

parameters related to the factorization, renormalization, resummation, and CKKW matching scales. The356

envelope of these variations is taken as the theoretical uncertainty on the predicted yield in each SR. As357

the diboson and tt̄ + V samples are not normalized in the CRs, the uncertainty on the theoretical cross358

section is also included. The uncertainty on the NLO cross section is found to be 6% for the diboson359

process [82] and 13% for the tt̄ +V process [50]. A 50% uncertainty is applied to the small W+jets yield360

in both SRs.361

The cross section uncertainties on the scalar top signal models are derived from the envelope of cross362

section predictions from several distinct PDF sets and varying the factorization and renormalization scales,363

as described in Ref. [35]. The uncertainty on the cross section varies from 13% for the 600 GeV mass364

point to 27% for the 1.6 TeV mass point.365
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events at LO, and compared with the combined yields of LO-generated tt̄ and Wt samples.354

The theoretical uncertainties on the Z+jets, diboson, and tt̄+V samples are calculated by varying generator355

parameters related to the factorization, renormalization, resummation, and CKKW matching scales. The356

envelope of these variations is taken as the theoretical uncertainty on the predicted yield in each SR. As357

the diboson and tt̄ + V samples are not normalized in the CRs, the uncertainty on the theoretical cross358

section is also included. The uncertainty on the NLO cross section is found to be 6% for the diboson359

process [82] and 13% for the tt̄ +V process [50]. A 50% uncertainty is applied to the small W+jets yield360

in both SRs.361

The cross section uncertainties on the scalar top signal models are derived from the envelope of cross362

section predictions from several distinct PDF sets and varying the factorization and renormalization scales,363

as described in Ref. [35]. The uncertainty on the cross section varies from 13% for the 600 GeV mass364

point to 27% for the 1.6 TeV mass point.365
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events at LO, and compared with the combined yields of LO-generated tt̄ and Wt samples.354

The theoretical uncertainties on the Z+jets, diboson, and tt̄+V samples are calculated by varying generator355

parameters related to the factorization, renormalization, resummation, and CKKW matching scales. The356

envelope of these variations is taken as the theoretical uncertainty on the predicted yield in each SR. As357

the diboson and tt̄ + V samples are not normalized in the CRs, the uncertainty on the theoretical cross358

section is also included. The uncertainty on the NLO cross section is found to be 6% for the diboson359

process [82] and 13% for the tt̄ +V process [50]. A 50% uncertainty is applied to the small W+jets yield360

in both SRs.361

The cross section uncertainties on the scalar top signal models are derived from the envelope of cross362

section predictions from several distinct PDF sets and varying the factorization and renormalization scales,363

as described in Ref. [35]. The uncertainty on the cross section varies from 13% for the 600 GeV mass364

point to 27% for the 1.6 TeV mass point.365
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events at LO, and compared with the combined yields of LO-generated tt̄ and Wt samples.354

The theoretical uncertainties on the Z+jets, diboson, and tt̄+V samples are calculated by varying generator355

parameters related to the factorization, renormalization, resummation, and CKKW matching scales. The356

envelope of these variations is taken as the theoretical uncertainty on the predicted yield in each SR. As357

the diboson and tt̄ + V samples are not normalized in the CRs, the uncertainty on the theoretical cross358

section is also included. The uncertainty on the NLO cross section is found to be 6% for the diboson359

process [82] and 13% for the tt̄ +V process [50]. A 50% uncertainty is applied to the small W+jets yield360

in both SRs.361

The cross section uncertainties on the scalar top signal models are derived from the envelope of cross362

section predictions from several distinct PDF sets and varying the factorization and renormalization scales,363

as described in Ref. [35]. The uncertainty on the cross section varies from 13% for the 600 GeV mass364

point to 27% for the 1.6 TeV mass point.365
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RESULTS
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• Two events in SR800 (slight 
deficit)
• One of these events also 

passed SR1100 (no deficit)

• Both events are μμ
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SR800 SR1100
inclusive ee eµ µµ inclusive ee eµ µµ

Observed yield 2 0 0 2 1 0 0 1
Total post-fit bkg yield 5.2 ± 1.4 1.8 ± 0.5 2.1 ± 0.8 1.35 ± 0.32 1.2+0.6

�0.5 0.51+0.22
�0.20 0.44+0.39

�0.33 0.22 ± 0.13
Post-fit single-top yield 2.0 ± 1.3 0.6 ± 0.4 1.1 ± 0.7 0.32 ± 0.20 0.32 ± 0.29 0.11 ± 0.10 0.21 ± 0.19 –
Post-fit Z+jets yield 1.40 ± 0.33 0.80 ± 0.24 0.01 ± 0.01 0.59 ± 0.14 0.47 ± 0.15 0.28 ± 0.10 – 0.19 ± 0.11
Post-fit t t̄ yield 1.0 ± 0.5 0.27 ± 0.14 0.54 ± 0.25 0.21 ± 0.10 0.21+0.55

�0.21 0.06+0.16
�0.06 0.13+0.34

�0.13 0.01+0.03
�0.01

Post-fit diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
Post-fit t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
Post-fit W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

Total MC bkg yield 4.9 ± 1.2 1.7 ± 0.4 2.0 ± 0.7 1.23 ± 0.28 1.1+0.6
�0.5 0.46+0.21

�0.19 0.43+0.40
�0.33 0.18 ± 0.10

MC single-top yield 1.9 ± 1.0 0.57 ± 0.34 1.0 ± 0.6 0.29 ± 0.17 0.29 ± 0.25 0.10 ± 0.08 0.19 ± 0.17 –
MC Z+jets yield 1.15 ± 0.21 0.65 ± 0.17 0.01 ± 0.01 0.48 ± 0.09 0.38 ± 0.10 0.23 ± 0.07 – 0.15 ± 0.09
MC t t̄ yield 1.1 ± 0.5 0.29 ± 0.14 0.57 ± 0.26 0.22 ± 0.10 0.22+0.57

�0.22 0.07+0.18
�0.07 0.14+0.36

�0.14 0.01+0.03
�0.01

MC diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
MC t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
MC W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

N limit
BSM exp (95% CL) 6.4+3.0

�1.9 4.1+1.8
�1.1 4.0+2.2

�0.9 3.9+1.6
�0.7 3.9+2.4

�0.5 3.0+1.3
�0.0 3.0+1.3

�0.0 3.1+0.6
�0.1

N limit
BSM obs (95% CL) 4.0 3.0 3.0 4.8 3.9 3.0 3.1 4.1

�vis
BSM[fb] 0.11 0.08 0.08 0.13 0.11 0.08 0.08 0.11

Table 4: The observed and expected background yields in SR800 and SR1100. Both the pre-fit MC expectation and
post-fit yields are shown, with each broken down into single-top, Z+jets, tt̄, diboson, tt̄ +V and W+jets background
processes. Model-independent expected and observed limits are set at a 95% CL on the number of events (N limit

BSM)
and on the visible cross section (�vis

BSM) of a generic BSM process. Results are shown in each flavor channel and
inclusively. The background estimates and their uncertainties are derived from a background-only fit configuration.

The expected and observed exclusion contours on the branching fraction are shown in Fig. 6 for each389

simulated t̃ mass. The limits are strongest at low values of Br(t̃ ! b⌧), when the number of expected390

events with electrons or muons in the final state is largest. Expected limits are slightly stronger for391

increasing Br(t̃ ! be), reflecting a better e�ciency in the trigger and identification e�ciency of electrons392

over muons. Exclusion contours reflecting the highest t̃ mass excluded at a 95% CL for a given point in393

the branching ratio plane are shown in Fig. 8.394
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SR800 SR1100
inclusive ee eµ µµ inclusive ee eµ µµ

Observed yield 2 0 0 2 1 0 0 1
Total post-fit bkg yield 5.2 ± 1.4 1.8 ± 0.5 2.1 ± 0.8 1.35 ± 0.32 1.2+0.6

�0.5 0.51+0.22
�0.20 0.44+0.39

�0.33 0.22 ± 0.13
Post-fit single-top yield 2.0 ± 1.3 0.6 ± 0.4 1.1 ± 0.7 0.32 ± 0.20 0.32 ± 0.29 0.11 ± 0.10 0.21 ± 0.19 –
Post-fit Z+jets yield 1.40 ± 0.33 0.80 ± 0.24 0.01 ± 0.01 0.59 ± 0.14 0.47 ± 0.15 0.28 ± 0.10 – 0.19 ± 0.11
Post-fit t t̄ yield 1.0 ± 0.5 0.27 ± 0.14 0.54 ± 0.25 0.21 ± 0.10 0.21+0.55

�0.21 0.06+0.16
�0.06 0.13+0.34

�0.13 0.01+0.03
�0.01

Post-fit diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
Post-fit t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
Post-fit W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

Total MC bkg yield 4.9 ± 1.2 1.7 ± 0.4 2.0 ± 0.7 1.23 ± 0.28 1.1+0.6
�0.5 0.46+0.21

�0.19 0.43+0.40
�0.33 0.18 ± 0.10

MC single-top yield 1.9 ± 1.0 0.57 ± 0.34 1.0 ± 0.6 0.29 ± 0.17 0.29 ± 0.25 0.10 ± 0.08 0.19 ± 0.17 –
MC Z+jets yield 1.15 ± 0.21 0.65 ± 0.17 0.01 ± 0.01 0.48 ± 0.09 0.38 ± 0.10 0.23 ± 0.07 – 0.15 ± 0.09
MC t t̄ yield 1.1 ± 0.5 0.29 ± 0.14 0.57 ± 0.26 0.22 ± 0.10 0.22+0.57

�0.22 0.07+0.18
�0.07 0.14+0.36

�0.14 0.01+0.03
�0.01

MC diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
MC t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
MC W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

N limit
BSM exp (95% CL) 6.4+3.0

�1.9 4.1+1.8
�1.1 4.0+2.2

�0.9 3.9+1.6
�0.7 3.9+2.4

�0.5 3.0+1.3
�0.0 3.0+1.3

�0.0 3.1+0.6
�0.1

N limit
BSM obs (95% CL) 4.0 3.0 3.0 4.8 3.9 3.0 3.1 4.1

�vis
BSM[fb] 0.11 0.08 0.08 0.13 0.11 0.08 0.08 0.11

Table 4: The observed and expected background yields in SR800 and SR1100. Both the pre-fit MC expectation and
post-fit yields are shown, with each broken down into single-top, Z+jets, tt̄, diboson, tt̄ +V and W+jets background
processes. Model-independent expected and observed limits are set at a 95% CL on the number of events (N limit

BSM)
and on the visible cross section (�vis

BSM) of a generic BSM process. Results are shown in each flavor channel and
inclusively. The background estimates and their uncertainties are derived from a background-only fit configuration.

The expected and observed exclusion contours on the branching fraction are shown in Fig. 6 for each389

simulated t̃ mass. The limits are strongest at low values of Br(t̃ ! b⌧), when the number of expected390

events with electrons or muons in the final state is largest. Expected limits are slightly stronger for391

increasing Br(t̃ ! be), reflecting a better e�ciency in the trigger and identification e�ciency of electrons392

over muons. Exclusion contours reflecting the highest t̃ mass excluded at a 95% CL for a given point in393

the branching ratio plane are shown in Fig. 8.394
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SR800 SR1100
inclusive ee eµ µµ inclusive ee eµ µµ

Observed yield 2 0 0 2 1 0 0 1
Total post-fit bkg yield 5.2 ± 1.4 1.8 ± 0.5 2.1 ± 0.8 1.35 ± 0.32 1.2+0.6

�0.5 0.51+0.22
�0.20 0.44+0.39

�0.33 0.22 ± 0.13
Post-fit single-top yield 2.0 ± 1.3 0.6 ± 0.4 1.1 ± 0.7 0.32 ± 0.20 0.32 ± 0.29 0.11 ± 0.10 0.21 ± 0.19 –
Post-fit Z+jets yield 1.40 ± 0.33 0.80 ± 0.24 0.01 ± 0.01 0.59 ± 0.14 0.47 ± 0.15 0.28 ± 0.10 – 0.19 ± 0.11
Post-fit t t̄ yield 1.0 ± 0.5 0.27 ± 0.14 0.54 ± 0.25 0.21 ± 0.10 0.21+0.55

�0.21 0.06+0.16
�0.06 0.13+0.34

�0.13 0.01+0.03
�0.01

Post-fit diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
Post-fit t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
Post-fit W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

Total MC bkg yield 4.9 ± 1.2 1.7 ± 0.4 2.0 ± 0.7 1.23 ± 0.28 1.1+0.6
�0.5 0.46+0.21

�0.19 0.43+0.40
�0.33 0.18 ± 0.10

MC single-top yield 1.9 ± 1.0 0.57 ± 0.34 1.0 ± 0.6 0.29 ± 0.17 0.29 ± 0.25 0.10 ± 0.08 0.19 ± 0.17 –
MC Z+jets yield 1.15 ± 0.21 0.65 ± 0.17 0.01 ± 0.01 0.48 ± 0.09 0.38 ± 0.10 0.23 ± 0.07 – 0.15 ± 0.09
MC t t̄ yield 1.1 ± 0.5 0.29 ± 0.14 0.57 ± 0.26 0.22 ± 0.10 0.22+0.57

�0.22 0.07+0.18
�0.07 0.14+0.36

�0.14 0.01+0.03
�0.01

MC diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
MC t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
MC W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

N limit
BSM exp (95% CL) 6.4+3.0

�1.9 4.1+1.8
�1.1 4.0+2.2

�0.9 3.9+1.6
�0.7 3.9+2.4

�0.5 3.0+1.3
�0.0 3.0+1.3

�0.0 3.1+0.6
�0.1

N limit
BSM obs (95% CL) 4.0 3.0 3.0 4.8 3.9 3.0 3.1 4.1

�vis
BSM[fb] 0.11 0.08 0.08 0.13 0.11 0.08 0.08 0.11

Table 4: The observed and expected background yields in SR800 and SR1100. Both the pre-fit MC expectation and
post-fit yields are shown, with each broken down into single-top, Z+jets, tt̄, diboson, tt̄ +V and W+jets background
processes. Model-independent expected and observed limits are set at a 95% CL on the number of events (N limit

BSM)
and on the visible cross section (�vis

BSM) of a generic BSM process. Results are shown in each flavor channel and
inclusively. The background estimates and their uncertainties are derived from a background-only fit configuration.

The expected and observed exclusion contours on the branching fraction are shown in Fig. 6 for each389

simulated t̃ mass. The limits are strongest at low values of Br(t̃ ! b⌧), when the number of expected390

events with electrons or muons in the final state is largest. Expected limits are slightly stronger for391

increasing Br(t̃ ! be), reflecting a better e�ciency in the trigger and identification e�ciency of electrons392

over muons. Exclusion contours reflecting the highest t̃ mass excluded at a 95% CL for a given point in393

the branching ratio plane are shown in Fig. 8.394
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SR800 SR1100
inclusive ee eµ µµ inclusive ee eµ µµ

Observed yield 2 0 0 2 1 0 0 1
Total post-fit bkg yield 5.2 ± 1.4 1.8 ± 0.5 2.1 ± 0.8 1.35 ± 0.32 1.2+0.6

�0.5 0.51+0.22
�0.20 0.44+0.39

�0.33 0.22 ± 0.13
Post-fit single-top yield 2.0 ± 1.3 0.6 ± 0.4 1.1 ± 0.7 0.32 ± 0.20 0.32 ± 0.29 0.11 ± 0.10 0.21 ± 0.19 –
Post-fit Z+jets yield 1.40 ± 0.33 0.80 ± 0.24 0.01 ± 0.01 0.59 ± 0.14 0.47 ± 0.15 0.28 ± 0.10 – 0.19 ± 0.11
Post-fit t t̄ yield 1.0 ± 0.5 0.27 ± 0.14 0.54 ± 0.25 0.21 ± 0.10 0.21+0.55

�0.21 0.06+0.16
�0.06 0.13+0.34

�0.13 0.01+0.03
�0.01

Post-fit diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
Post-fit t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
Post-fit W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

Total MC bkg yield 4.9 ± 1.2 1.7 ± 0.4 2.0 ± 0.7 1.23 ± 0.28 1.1+0.6
�0.5 0.46+0.21

�0.19 0.43+0.40
�0.33 0.18 ± 0.10

MC single-top yield 1.9 ± 1.0 0.57 ± 0.34 1.0 ± 0.6 0.29 ± 0.17 0.29 ± 0.25 0.10 ± 0.08 0.19 ± 0.17 –
MC Z+jets yield 1.15 ± 0.21 0.65 ± 0.17 0.01 ± 0.01 0.48 ± 0.09 0.38 ± 0.10 0.23 ± 0.07 – 0.15 ± 0.09
MC t t̄ yield 1.1 ± 0.5 0.29 ± 0.14 0.57 ± 0.26 0.22 ± 0.10 0.22+0.57

�0.22 0.07+0.18
�0.07 0.14+0.36

�0.14 0.01+0.03
�0.01

MC diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
MC t t̄ +V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
MC W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

�0.01 – 0.01+0.02
�0.01 –

N limit
BSM exp (95% CL) 6.4+3.0

�1.9 4.1+1.8
�1.1 4.0+2.2

�0.9 3.9+1.6
�0.7 3.9+2.4

�0.5 3.0+1.3
�0.0 3.0+1.3

�0.0 3.1+0.6
�0.1

N limit
BSM obs (95% CL) 4.0 3.0 3.0 4.8 3.9 3.0 3.1 4.1

�vis
BSM[fb] 0.11 0.08 0.08 0.13 0.11 0.08 0.08 0.11

Table 4: The observed and expected background yields in SR800 and SR1100. Both the pre-fit MC expectation and
post-fit yields are shown, with each broken down into single-top, Z+jets, tt̄, diboson, tt̄ +V and W+jets background
processes. Model-independent expected and observed limits are set at a 95% CL on the number of events (N limit

BSM)
and on the visible cross section (�vis

BSM) of a generic BSM process. Results are shown in each flavor channel and
inclusively. The background estimates and their uncertainties are derived from a background-only fit configuration.

The expected and observed exclusion contours on the branching fraction are shown in Fig. 6 for each389

simulated t̃ mass. The limits are strongest at low values of Br(t̃ ! b⌧), when the number of expected390

events with electrons or muons in the final state is largest. Expected limits are slightly stronger for391

increasing Br(t̃ ! be), reflecting a better e�ciency in the trigger and identification e�ciency of electrons392

over muons. Exclusion contours reflecting the highest t̃ mass excluded at a 95% CL for a given point in393

the branching ratio plane are shown in Fig. 8.394
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Figure 4: Comparison of the observed data and expected number of events in the CRs, VRs, and SRs. The
background prediction is derived with the background-only fit configuration, and the hashed band includes the total
uncertainty on the background prediction. The bottom panel shows the significance of the di�erence between data
and the background prediction.

Experimental uncertainties reflect the precision of the energy and momentum calibration of jets and331

leptons, as well as the assumptions on the identification and reconstruction e�ciencies in MC simulation.332

The dominant experimental uncertainties are related to jets, including those in the jet energy scale and333

resolution [73, 79] and the calibration of the b-tagging e�ciency for b-, c-, and light-flavor jets [76].334

The largest experimental uncertainties on the fitted background prediction in SR800 (SR1100) are the335

b-tagging e�ciency of light-flavor jets and the jet energy resolution. The experimental uncertainties on336

leptons each have a small impact on the final measurement, which includes uncertainties in the energy scale337

and resolution of electrons [66] and muons [67], and the calibration of the lepton trigger, identification,338

reconstruction, and isolation e�ciencies. The 3.2% uncertainty on the measured integrated luminosity339

also has a marginal e�ect on the final result.340

Uncertainties on the MC modeling of the tt̄ and Wt backgrounds account for the choice of MC generator,341

variations in the hadronization and fragmentation processes, and the amount of initial- and final-state342

radiation [36]. As the tt̄ (Wt) background normalization is constrained in the likelihood fits, the uncertainty343

on the transfer of the NF from the CRtt (CRst) to both SR800 and SR1100 is derived by comparing signal-344

to-control region yields in alternative models. The uncertainty on the background estimation due to345

the choice of MC generator is derived for tt̄ and Wt by comparing the SR-to-CR NF derived using346

MG5_�MC@NLO 2.2.3 against P�����-B�� v2, both showered with Herwig++ v2.7.1 [80] using the347

UEEE5 [81] UE tune. The hadronization and fragmentation modeling is similarly evaluated in both tt̄348

and Wt by comparing the nominal P�����+P����� sample with the same P�����+H����� sample.349

The uncertainty related to initial and final state radiation is evaluated for both tt̄ and Wt by varying the350

parameters of the generator and P2012 UE tune in the nominal P�����+P����� sample related to NLO351

radiation and the factorization and renormalization scale. An uncertainty on the single-top yield due to the352

destructive interference between the tt̄ and Wt processes is measured using inclusively-generated WWbb353
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UNCERTAINTIES

10

• MC statistical and theoretical uncertainties dominate

• Theoretical uncertainties are applied to background normalization factors

• Derived by comparing ratio of  
SR/CR yields in nominal and “test” case: 

• scaling ISR and FSR up and down

• comparing different parton shower  
and generator simulations

• Modeling of Wt/ttbar interference  
(see Christian Herwig's talk)

• CP uncertainties are generally minor

• Jet energy resolution and b-tagging are the most significant, as expected
DPF 2017 (Fermilab)Leigh Schaefer (Penn ATLAS)
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Source \ Region SR800 SR1100

Experimental uncertainty

b-tagging 3% 5%
Jet energy resolution 2% 10%
Jet energy scale 1% 3%
Electrons 1% 4%
Muons 1% 3%

Theoretical modeling uncertainty

MC statistics 8% 17%
tt̄ 8% 45%
single-top 21% 22%
Z+jets 2% 4%
diboson 4% 3%
tt̄ +W/Z 1% 1%
W+jets 1% 1%

Table 3: Summary of the dominant experimental and theoretical uncertainties in SR800 and SR1100, quoted as
relative to the total SM background predictions. The individual uncertainties can be correlated, and do not
necessarily add in quadrature to the total background uncertainty.

8 Results366

The observed yield and fitted background prediction in SR800 and SR1100 are shown in Table 4. One367

event is observed in SR1100 and two are observed in SR800, in agreement with the SM prediction. The368

SR1100 event is included in SR800 by definition, and both events are found in the µµ channel. The369

observed and predicted m0
b` , HT, masym

b` , m`` , and m1
b`(rej) distributions in SR800 are shown in Fig. 2.370

For each SR, model-independent upper limits are derived on the cross section of potential BSM processes371

at a 95% confidence level (CL). A likelihood fit is performed to the number of observed events in all three372

CRs and the target SR, and a generic signal model is assumed to contribute to the SR only. No theoretical373

or systematic uncertainties are considered for the signal model except the luminosity uncertainty. The374

observed and expected limits on the number of BSM events, as well as the observed limit on the visible375

cross section, are shown in the lower rows of Table 4.376

Exclusion limits are derived at 95% CL for the t̃ signal samples. Limits are obtained through a profile377

log-likelihood ratio test using the CLS prescription [83], following the simultaneous fit to the CRs and a378

target SR [77]. The signal contributions in both the SR and CRs are accounted for in the fit, though is379

negligible in the latter. Exclusion fits are performed separately for various branching ratio assumptions,380

sampling values of Br(t̃ ! be), Br(t̃ ! bµ), and Br(t̃ ! b⌧) whose sum is unity in steps of 5%, and381

reweighting events in the signal samples according to the generated decays. For both SR800 and SR1100,382

limits are derived in the ee, eµ, µµ, and inclusive channels. Observed limits are reported for the SR383

and channel combination with the lowest expected CLS value, and therefore best expected sensitivity, at a384

given mass point and branching ratio. The inclusive channel typically has the largest expected sensitivity385

when Br(t̃ ! be) and Br(t̃ ! bµ) are both above 15%, while the ee (µµ) channel is more sensitive when386

Br(t̃ ! bµ) (Br(t̃ ! be)) is below 15%. The inclusive channel is always more sensitive than the eµ387

channel given the smaller fraction of same-charge lepton backgrounds.388
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Source \ Region SR800 SR1100

Experimental uncertainty

b-tagging 3% 5%
Jet energy resolution 2% 10%
Jet energy scale 1% 3%
Electrons 1% 4%
Muons 1% 3%

Theoretical modeling uncertainty

MC statistics 8% 17%
tt̄ 8% 45%
single-top 21% 22%
Z+jets 2% 4%
diboson 4% 3%
tt̄ +W/Z 1% 1%
W+jets 1% 1%

Table 3: Summary of the dominant experimental and theoretical uncertainties in SR800 and SR1100, quoted as
relative to the total SM background predictions. The individual uncertainties can be correlated, and do not
necessarily add in quadrature to the total background uncertainty.

8 Results366

The observed yield and fitted background prediction in SR800 and SR1100 are shown in Table 4. One367

event is observed in SR1100 and two are observed in SR800, in agreement with the SM prediction. The368

SR1100 event is included in SR800 by definition, and both events are found in the µµ channel. The369

observed and predicted m0
b` , HT, masym

b` , m`` , and m1
b`(rej) distributions in SR800 are shown in Fig. 2.370

For each SR, model-independent upper limits are derived on the cross section of potential BSM processes371

at a 95% confidence level (CL). A likelihood fit is performed to the number of observed events in all three372

CRs and the target SR, and a generic signal model is assumed to contribute to the SR only. No theoretical373

or systematic uncertainties are considered for the signal model except the luminosity uncertainty. The374

observed and expected limits on the number of BSM events, as well as the observed limit on the visible375

cross section, are shown in the lower rows of Table 4.376

Exclusion limits are derived at 95% CL for the t̃ signal samples. Limits are obtained through a profile377

log-likelihood ratio test using the CLS prescription [83], following the simultaneous fit to the CRs and a378

target SR [77]. The signal contributions in both the SR and CRs are accounted for in the fit, though is379

negligible in the latter. Exclusion fits are performed separately for various branching ratio assumptions,380

sampling values of Br(t̃ ! be), Br(t̃ ! bµ), and Br(t̃ ! b⌧) whose sum is unity in steps of 5%, and381

reweighting events in the signal samples according to the generated decays. For both SR800 and SR1100,382

limits are derived in the ee, eµ, µµ, and inclusive channels. Observed limits are reported for the SR383

and channel combination with the lowest expected CLS value, and therefore best expected sensitivity, at a384

given mass point and branching ratio. The inclusive channel typically has the largest expected sensitivity385

when Br(t̃ ! be) and Br(t̃ ! bµ) are both above 15%, while the ee (µµ) channel is more sensitive when386

Br(t̃ ! bµ) (Br(t̃ ! be)) is below 15%. The inclusive channel is always more sensitive than the eµ387

channel given the smaller fraction of same-charge lepton backgrounds.388
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Source \ Region SR800 SR1100

Experimental uncertainty

b-tagging 3% 5%
Jet energy resolution 2% 10%
Jet energy scale 1% 3%
Electrons 1% 4%
Muons 1% 3%

Theoretical modeling uncertainty

MC statistics 8% 17%
tt̄ 8% 45%
single-top 21% 22%
Z+jets 2% 4%
diboson 4% 3%
tt̄ +W/Z 1% 1%
W+jets 1% 1%

Table 3: Summary of the dominant experimental and theoretical uncertainties in SR800 and SR1100, quoted as
relative to the total SM background predictions. The individual uncertainties can be correlated, and do not
necessarily add in quadrature to the total background uncertainty.

8 Results366

The observed yield and fitted background prediction in SR800 and SR1100 are shown in Table 4. One367

event is observed in SR1100 and two are observed in SR800, in agreement with the SM prediction. The368

SR1100 event is included in SR800 by definition, and both events are found in the µµ channel. The369

observed and predicted m0
b` , HT, masym

b` , m`` , and m1
b`(rej) distributions in SR800 are shown in Fig. 2.370

For each SR, model-independent upper limits are derived on the cross section of potential BSM processes371

at a 95% confidence level (CL). A likelihood fit is performed to the number of observed events in all three372

CRs and the target SR, and a generic signal model is assumed to contribute to the SR only. No theoretical373

or systematic uncertainties are considered for the signal model except the luminosity uncertainty. The374

observed and expected limits on the number of BSM events, as well as the observed limit on the visible375

cross section, are shown in the lower rows of Table 4.376

Exclusion limits are derived at 95% CL for the t̃ signal samples. Limits are obtained through a profile377

log-likelihood ratio test using the CLS prescription [83], following the simultaneous fit to the CRs and a378

target SR [77]. The signal contributions in both the SR and CRs are accounted for in the fit, though is379

negligible in the latter. Exclusion fits are performed separately for various branching ratio assumptions,380

sampling values of Br(t̃ ! be), Br(t̃ ! bµ), and Br(t̃ ! b⌧) whose sum is unity in steps of 5%, and381

reweighting events in the signal samples according to the generated decays. For both SR800 and SR1100,382

limits are derived in the ee, eµ, µµ, and inclusive channels. Observed limits are reported for the SR383

and channel combination with the lowest expected CLS value, and therefore best expected sensitivity, at a384

given mass point and branching ratio. The inclusive channel typically has the largest expected sensitivity385

when Br(t̃ ! be) and Br(t̃ ! bµ) are both above 15%, while the ee (µµ) channel is more sensitive when386

Br(t̃ ! bµ) (Br(t̃ ! be)) is below 15%. The inclusive channel is always more sensitive than the eµ387

channel given the smaller fraction of same-charge lepton backgrounds.388
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OBSERVED LIMITS
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Stop masses from 900 GeV to 1.5 TeV have 
been excluded for BR(t→̃be)+ BR(t→̃bμ)>10%

DPF 2017 (Fermilab)Leigh Schaefer (Penn ATLAS)
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CONCLUSION
• We have presented a search 

for stop pair production 
which decays via an RPV 
coupling to a lepton and a b-
quark

• With the absence of an 
observed signal, strong limits 
have been set on the stop 
mass for branching ratios of 
at least 10% to be or bμ
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Figure 2: A comparison of data to the post-fit MC prediction in (a) m0
b` , (b) masym

b` , (c) HT, (d) m`` , and (e) m1
b`(rej)

in the SR800 signal region. The SR800 event selections are applied for each distribution except the selection on
the variable shown, which is indicated by an arrow. Normalization factors are derived from the background-only
estimation discussed in Sec. 6 and are applied to the dominant tt̄, single-top, and Z+jets processes. Benchmark
signal models generated at masses of 900, 1250, and 1600 GeV are included for comparison. The bottom panel shows
the ratio between the data and SM prediction. The hashed uncertainty band includes the statistical uncertainties on
the background prediction. The last bin includes the overflow events.
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• Muon identification

• Momentum resolution  
5% at 500 GeV

• Electron identification
• Energy resolution  
1% at 100 GeV

• Anti-kt jets with R=0.4

• Energy resolution  
8% at 100 GeV

14 DPF 2017 (Fermilab)Leigh Schaefer (Penn ATLAS)

THE ATLAS DETECTOR
• B-jet identification 

• 40% efficient at 500 GeV

• Triggers 

• Single electron and single 
muon triggers 93-98% efficient

 

 



EXPECTED AND OBSERVED LIMITS
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COMPARISON TO RUN1 LIMITS
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• Stop mass limits at a given BR have increased from 
Run1 by at least 300 GeV

DPF 2017 (Fermilab)Leigh Schaefer (Penn ATLAS)
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OBSERVED LIMITS
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NEUTRINO MASS HIERARCHY

18 DPF 2017 (Fermilab)Leigh Schaefer (Penn ATLAS)

) be→ t~(Br
0 0.2 0.4 0.6 0.8 1

)τ
 b

→ t~ (
Br

0

0.2

0.4

0.6

0.8

1

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Observed 95% CL mass limit

900

1000

1050

1100

1150

1200

1250

1300

1350

1400

1450

1500

St
op

 m
as

s 
[G

eV
]

22

FIG. 4. Same as Fig 3 except with a Gaussian distributed scan over the neutrino parameters as described in Eq (37).

ratios to conclude the following.

• If the branching ratio to bottom–electron is the largest branching ratio, the neutrino mass hierarchy

is likely to be the inverted hierarchy.

• If the branching ratio to bottom–muon is found to be highly dominant, then neutrino masses are

likely to be in a the normal hierarchy. If this branching ratio is only slightly dominant, the hierarchy

cannot be determined from from this measurement alone, because it is compatible with both normal

and inverted hierarchy. However, if the hierarchy were determined to be inverted from some other

experiment, this measurement would favor the central value of sin2 ✓
23

⇠ 0.446 over sin2 ✓
23

⇠
0.587.

• The case where the branching ratio to bottom–tau is highly dominant, the normal hierarchy is favored.

If it is only slightly dominant, neither hierarchy is favored, but the central value of sin2 ✓
23

= 0.587

would be slightly favored over sin2 ✓
23

= 0.446 if the hierarchy were determined to be inverted from

some other experiment.

The relative branching ratios to 
each lepton flavor are related to 
the neutrino hierarchy.

arXiv:1402.5434

https://arxiv.org/abs/1402.5434


STOP MIXING ANGLE
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20

FIG. 1. Stop LSP decay length in millimeters versus stop mixing angle. The decay length increases sharply past 80�,

where the stop is dominantly right-handed, due to the suppressed right-handed stop decays, Eq. (47).

FIG. 2. Br(t̃1!t⌫)
Br(t̃1!b`+)

versus stop mixing angle, where Br(˜t1 ! b`+) ⌘
3P

i=1
Br(˜t1 ! b`+i ). For the admixture stop, the

branching ratio to b`+ is dominant and the branching ratio to t⌫ is insignificant for LHC purposes. For a mixing angle

greater than about 80�, corresponding to a mostly right-handed stop, the branching ratio to t⌫ can be significant.

in the bottom left quadrangle the bottom–muon branching ratio is the largest; and in the bottom right

quadrangle the bottom–electron branching ratio is the largest. Recall that the fit to the neutrino data allows

two values of ✓
23

. One is shown in blue and and the other in green in the inverted hierarchy (where the

impact on stop decays is most notable) and in red and magenta in the normal hierarchy.

Figure 3 shows the strong connection between the stop branching ratios and the neutrino sector. The

most interesting connection is to the neutrino mass hierarchy. If these decays were observed at the LHC

arXiv:1402.5434

When stop mixing angle 
θt<80° (in other words, 
unless the stop is 
dominantly right-handed) 
the stop LSPs in this model:

• decay promptly (Fig 1).

• preferentially decay to 
a lepton and a b-quark 
(Fig 2). 

https://arxiv.org/abs/1402.5434


UNBLINDED SR DISTRIBUTIONS
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(a) m0
b`

(b) masym
b`

(c) HT (d) m``

(e) m1
b`(rej)

Figure 2: A comparison of data to the post-fit MC prediction in (a) m0
b` , (b) masym

b` , (c) HT, (d) m`` , and (e) m1
b`(rej)

in the SR800 signal region. The SR800 event selections are applied for each distribution except the selection on
the variable shown, which is indicated by an arrow. Normalization factors are derived from the background-only
estimation discussed in Sec. 6 and are applied to the dominant tt̄, single-top, and Z+jets processes. Benchmark
signal models generated at masses of 900, 1250, and 1600 GeV are included for comparison. The bottom panel shows
the ratio between the data and SM prediction. The hashed uncertainty band includes the statistical uncertainties on
the background prediction. The last bin includes the overflow events.
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Figure 2: A comparison of data to the post-fit MC prediction in (a) m0
b` , (b) masym

b` , (c) HT, (d) m`` , and (e) m1
b`(rej)

in the SR800 signal region. The SR800 event selections are applied for each distribution except the selection on
the variable shown, which is indicated by an arrow. Normalization factors are derived from the background-only
estimation discussed in Sec. 6 and are applied to the dominant tt̄, single-top, and Z+jets processes. Benchmark
signal models generated at masses of 900, 1250, and 1600 GeV are included for comparison. The bottom panel shows
the ratio between the data and SM prediction. The hashed uncertainty band includes the statistical uncertainties on
the background prediction. The last bin includes the overflow events.
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CR DISTRIBUTIONS
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DRAFT

(a) mCT (b) m1
b`(rej)

Figure 3: A comparison of data to the post-fit MC prediction for (a) mCT in CRst and (b) m1
b`(rej) in CRtt. The

relevant CR event selections are applied for each distribution except the selection on the variable shown, which is
indicated by an arrow. Normalization factors are derived from the background-only fit configuration and are applied
to the dominant tt̄, single-top, and Z+jets processes. The bottom panel shows the ratio between the data and SM
prediction. The hashed uncertainty band includes the statistical uncertainties on the background prediction. The
last bin includes the overflow events.

6.4 Validation regions310

Four disjoint validation regions are developed to test the extrapolation of the background fit between the311

CRs and SRs. A full list of the region selections is given in Table 2. The VRm0
b` , VRm1

b`(rej), and VRHT312

test the extrapolation from CRst and CRtt to the SRs in the m0
b` , m1

b`(rej), and HT observables by requiring313

m0
b` > 500 GeV, m1

b`(rej) > 150 GeV, and HT > 800 GeV, respectively. In this way VRm0
b` , VRm1

b`(rej),314

and VRHT all lie between the SRs and both CRtt and CRst, with signal contamination below 1% for all315

signal mass points. No requirement is placed on mCT in any VR, allowing both tt̄ and Wt contributions to316

be validated.317

A fourth validation region, VRZ , is developed to extrapolate between CRZ and the SRs in the m``318

observable, requiring m`` > 300 GeV. As the m`` variable provides the only separation between CRZ319

and the SRs, the requirement on m0
b` is relaxed to 500 < m0

b` < 800 GeV, and any event with a b-tagged320

jet is rejected, such that Nb = 0. The Z+jets MC prediction models the data well in both mb` and Nb,321

with a signal contamination in VRZ below 5% for mass points above 1 TeV.322

The observed data yield and the post-fit background prediction for each CR and VR are shown in Fig. 4.323

Good agreement is seen in all validation regions, with di�erences between the data and SM prediction324

below 1�. The modeling of the extrapolated variable for each VR is shown in Fig. 5, demonstrating good325

agreement in the shape of the variables of interest.326

7 Systematic uncertainties327

Systematic uncertainties on the signal and background predictions arise from theoretical sources on328

the expected yield and MC modeling, and from experimental sources. The dominant uncertainties are329

summarized in Table 3.330

July 10, 2017 – 15:22 14

Normalization factors: 
single top: 1.10 ± 0.27

ttbar : 0.94± 0.06
Drell-Yan: 1.22 ± 0.18



SIGNAL CUTFLOW
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Selection 800 GeV yield (rel. e�.) 1200 GeV yield (rel. e�.) 1500 GeV yield (rel. e�.)

Total 1022 57 9
Production filter 737 (72.0%) 42.6 (73.8%) 6.9 (74.7%)
Event quality 737 (100.0%) 42.6 (100.0%) 6.9 (100.0%)
Trigger 705 (95.7%) 41.0 (96.3%) 6.7 (96.3%)
Jet cleaning 704 (99.9%) 40.9 (99.8%) 6.7 (99.8%)
Muon cleaning 704 (100.0%) 40.9 (100.0%) 6.6 (100.0%)
2 signal ` 385 (54.7%) 21.7 (53.0%) 3.5 (52.2%)
Trigger matching 385 (99.8%) 21.6 (99.8%) 3.5 (99.8%)
Opposite-charge leptons 375 (97.5%) 20.9 (96.8%) 3.3 (96.5%)
2 signal jets 363 (96.9%) 20.6 (98.2%) 3.3 (98.7%)
1 b-tagged jet 285 (78.5%) 14.3 (69.6%) 2.0 (62.3%)
masym

b` < 0.2 245 (85.8%) 12.2 (85.3%) 1.8 (86.3%)
HT > 1000 GeV 228 (92.9%) 12.1 (99.4%) 1.8 (99.7%)
m`` > 300 GeV 199 (87.6%) 11.5 (94.6%) 1.7 (96.4%)
m1

b`(rej) > 150 GeV 195 (97.8%) 11.4 (99.4%) 1.7 (99.9%)
m0

b` > 800 GeV 81.2 (41.6%) 10.7 (93.4%) 1.6 (96.3%)
m0

b` > 1100 GeV 4.4 (2.3%) 8.4 (73.6%) 1.5 (89.5%)

Table 5: Full list of event selections and MC generator-weighted yields and e�ciencies in the inclusive SR800 and
SR1100 signal regions for several signal samples of varying t̃ mass, assuming Br(t̃ ! be) = Br(t̃ ! bµ) = Br(t̃ !
b⌧) = 1/3. The production filter applies a loose trigger requirement and requires at least two electrons or muons
of uncalibrated pT > 9 GeV and |⌘ | < 2.6. The relative e�ciencies for the m0

b` > 1100 GeV requirement are with
respect to the m1

b`(rej) > 150 GeV requirement.

July 10, 2017 – 15:22 48



DISCRIMINATING VARIABLES
• mbℓ

acc1: to probe mt ̃

• mbℓ
asym: should be small if both bℓ pairs reconstruct mt ̃

• HT = pT
lep1+ pT

lep2+ pT
jet1+ pT

jet2: should be large with such heavy stops

• mℓℓ: to reject Drell-Yan background 

• mbℓ
rej2: to reject mis-paired top background, when a rejected pairing 

reconstructs a top

• mcT: contransverse mass of the two leading jets; to reject t t ̅events which 
have a kinematic endpoint at ~135 GeV. For this variable we require exactly 
2 b-tagged jets.

23 DPF 2017 (Fermilab)Leigh Schaefer (Penn ATLAS)



OBJECT & EVENT SELECTION

24

• Event selection: two signal leptons with pT > 40 GeV and two 
signal jets with pT > 60 GeV

JETS:
- |η|<2.8

- pT>60 GeV
- BadLoose 

cleaning

B-JETS:
- |η|<2.5

- Fixed 77% 
with MV2c10 

MVA

BASELINE ELECTRONS:
- |η|<2.47, pT>10 GeV

- LooseAndBLayerLLH ID
- BADCLUSELECTRON

BASELINE JETS:
- |η|<2.8, pT>20 GeV

- AntiKt4EMTopo, R=0.4
- Pileup rejection with JVT

DPF 2017 (Fermilab)Leigh Schaefer (Penn ATLAS)



CR AND VR DEFINITIONS

25
*only for events with ==2 b-tagged jets+ mbℓasym≤0.2 for all regions
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is taken, corrected to the highest order theoretical cross section available. For the dominant tt̄, single-top,255

and Z+jets backgrounds, the expected yield in the SRs is estimated by scaling each MC prediction by a256

normalization factor (NF) derived from three dedicated control regions (CRs), one for each background257

process. Each control region is defined to be kinematically close to the SRs while inverting or relaxing258

specific selections to enhance the contribution of the targeted background process while reducing the259

contamination from other backgrounds and the benchmark signals.260

To derive a background-only estimation, the normalizations of the tt̄, single-top, and Z+jets backgrounds261

are determined through a likelihood fit [77] performed simultaneously to the observed number of events262

in each CR. The expected yield in each region is given by the inclusive sum over all background processes263

in the ee, eµ, and µµ channels. The NF for each of the tt̄, single-top, and Z+jets backgrounds are free264

parameters of the fit. The systematic uncertainties are treated as nuisance parameters in the fit.265

Several validation regions (VRs) are defined to test the extrapolation from the CRs to SRs over the relevant266

kinematic variables. The VRs are disjoint from both the CRs and SRs, and are constructed to fall between267

one or more CRs and the SRs in one of the extrapolated variables. The VRs are not included in the fit, but268

provide a statistically independent cross-check of the background prediction in regions with a negligible269

signal contamination. Three VRs are constructed to test the extrapolation in the m0
b` , m1

b`(rej), and HT270

observables. A fourth VR is constructed to validate the extrapolation of the Z+jets CR in m`` . Details of271

the selection criteria in each CR and VR are presented below, and a summary of the selections is provided272

in Table 2.273

Region Nb m0
b` [GeV] m1

b`(rej)[GeV] HT [GeV] m`` [GeV] mCT [GeV]
SR800 � 1 > 800 > 150 > 1000 > 300 –
SR1100 � 1 > 1100 > 150 > 1000 > 300 –

CRtt � 1 [200,500] < 150 [600,800] > 300 < 200⇤
CRst = 2 [200,500] < 150 < 800 > 120 > 200
CRZ � 1 > 700 – > 1000 [76.2,106.2] –

VRm0
b` � 1 > 500 < 150 [600,800] > 300 –

VRm1
b`(rej) � 1 [200,500] > 150 [600,800] > 300 –

VRHT � 1 [200,500] < 150 > 800 > 300 –
VRZ = 0 [500,800] > 150 > 1000 > 300 –

Table 2: Summary of the selections of the signal, control, and validation regions. All regions require at least two
oppositely charged leptons and at least two jets. Each region requires at least one of the two leading jets to be
b-tagged with the exception of CRst, which requires both leading jets to be b-tagged, and VRZ , which requires zero
b-tagged jets in the event. A mass asymmetry selection of masym

b` < 0.2 is applied to all regions. The contransverse
mass selection mCT (Eq. 1) is only applied to events in CRtt with exactly two b-tagged jets, as indicated by the ⇤,
ensuring the region is orthogonal to CRst.

6.1 Single-top control region274

The single-top background enters the SR through the Wt process, when the b` pair produced in the275

leptonic top quark decay are incorrectly paired with the lepton from the W decay and an additional jet276

from QCD radiation. The CRst control region is designed to target the Wt production in a less-energetic277

kinematic region or where the rejected b` pairing correctly associates the decay products of the top quark.278

To separate CRst from the SRs, the HT and m0
b` requirements are reversed such that HT < 800 GeV and279
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is taken, corrected to the highest order theoretical cross section available. For the dominant tt̄, single-top,255

and Z+jets backgrounds, the expected yield in the SRs is estimated by scaling each MC prediction by a256

normalization factor (NF) derived from three dedicated control regions (CRs), one for each background257

process. Each control region is defined to be kinematically close to the SRs while inverting or relaxing258

specific selections to enhance the contribution of the targeted background process while reducing the259

contamination from other backgrounds and the benchmark signals.260

To derive a background-only estimation, the normalizations of the tt̄, single-top, and Z+jets backgrounds261

are determined through a likelihood fit [77] performed simultaneously to the observed number of events262

in each CR. The expected yield in each region is given by the inclusive sum over all background processes263

in the ee, eµ, and µµ channels. The NF for each of the tt̄, single-top, and Z+jets backgrounds are free264

parameters of the fit. The systematic uncertainties are treated as nuisance parameters in the fit.265

Several validation regions (VRs) are defined to test the extrapolation from the CRs to SRs over the relevant266

kinematic variables. The VRs are disjoint from both the CRs and SRs, and are constructed to fall between267

one or more CRs and the SRs in one of the extrapolated variables. The VRs are not included in the fit, but268

provide a statistically independent cross-check of the background prediction in regions with a negligible269

signal contamination. Three VRs are constructed to test the extrapolation in the m0
b` , m1

b`(rej), and HT270

observables. A fourth VR is constructed to validate the extrapolation of the Z+jets CR in m`` . Details of271

the selection criteria in each CR and VR are presented below, and a summary of the selections is provided272

in Table 2.273

Region Nb m0
b` [GeV] m1

b`(rej)[GeV] HT [GeV] m`` [GeV] mCT [GeV]
SR800 � 1 > 800 > 150 > 1000 > 300 –
SR1100 � 1 > 1100 > 150 > 1000 > 300 –

CRtt � 1 [200,500] < 150 [600,800] > 300 < 200⇤
CRst = 2 [200,500] < 150 < 800 > 120 > 200
CRZ � 1 > 700 – > 1000 [76.2,106.2] –

VRm0
b` � 1 > 500 < 150 [600,800] > 300 –

VRm1
b`(rej) � 1 [200,500] > 150 [600,800] > 300 –

VRHT � 1 [200,500] < 150 > 800 > 300 –
VRZ = 0 [500,800] > 150 > 1000 > 300 –

Table 2: Summary of the selections of the signal, control, and validation regions. All regions require at least two
oppositely charged leptons and at least two jets. Each region requires at least one of the two leading jets to be
b-tagged with the exception of CRst, which requires both leading jets to be b-tagged, and VRZ , which requires zero
b-tagged jets in the event. A mass asymmetry selection of masym

b` < 0.2 is applied to all regions. The contransverse
mass selection mCT (Eq. 1) is only applied to events in CRtt with exactly two b-tagged jets, as indicated by the ⇤,
ensuring the region is orthogonal to CRst.

6.1 Single-top control region274

The single-top background enters the SR through the Wt process, when the b` pair produced in the275

leptonic top quark decay are incorrectly paired with the lepton from the W decay and an additional jet276

from QCD radiation. The CRst control region is designed to target the Wt production in a less-energetic277

kinematic region or where the rejected b` pairing correctly associates the decay products of the top quark.278

To separate CRst from the SRs, the HT and m0
b` requirements are reversed such that HT < 800 GeV and279
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