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Abstract

This note describes a search for direct stop quark pair production in the single lepton channel
using 9.7 fb−1 of pp collision data at

√
s = 8 TeV taken with the CMS detector in 2012. A

search for an excess of events over the Standard Model prediction is performed in a sample
with a single isolated electron or muon, several jets including a b-tagged jet, missing transverse
energy and large transverse mass.



Context 
•  This work is part of a larger body of work 

including: 
– Search for H to WW to lν lν  
– Search for H to ZZ to ll νν 
– WW cross section in lν lν 
– 4th generation top search in lνb lνb 
– Top asymmetries and polarizations in dileptons 
– Chasing SUSY with Dileptons 
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Chasing SUSY with Dileptons 
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Opposite sign 

ee, µµ, eµ 

Same sign 

Outside          Inside 
   Z peak 

Inclusive    with ≥2 btags 

Different final states require different data driven bkg estimates. 
We define multiple signal regions in MET and HT in all cases. 

In all cases, we provide interpretations as well as “outreach” 

HT = sum of pT of all jets above threshold 



Leptons: e, µ 
•  All leptons are required to be isolated. 
•  Isolation is defined as sum pT in a cone of 0.3 

around the lepton divided by the pT of the lepton. 
•  Leptons are within |η| < 2.5 
•  Muon and electron Id differ slightly among the 

analyses depending on whether the dominant bkg 
is due to lepton fakes or not. 

•  Lepton Id as well as Isolation has evolved over the 
last couple years in response to running 
conditions. 
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Inside the Z peak 

•  Two analyses: 
–  Inclusive analysis using 5/fb of 7TeV data 

•   PLB 716 (2012) 260 

– Exclusive analysis using 5/fb of 7TeV data 
•  arXiv:1209.6620  
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Inclusive Z & MET & Jets 
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One or two Z’s in the final state, 
plus MET from LSP, 

plus jets. 



Inclusive Analysis Strategy 

•  Dilepton trigger with pT > 17GeV, 8GeV 
•  Select pT>20GeV ee and µµ in Z peak 

– Require ≥ 2 jets of pT > 30GeV, |η| < 3 
•  Select eµ control sample to estimate non-Z 

bkg from data 
•  Select photon & jets control sample to 

estimate MET tails from data 

10/25/12 8 



Dilepton Invariant Mass 

•  Measure e,µ Id & Iso & trigger efficiencies in 
data using tag & probe. 

•  Z peak = within +-10GeV of the Z mass 
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MET 

•  MET ~ 60GeV 
–  Z&jets dominates 

•  MET ~ 100GeV 
–  Top dominates 

•  Excellent 
agreement 
between observed 
and predicted. 
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Predicting MET tails from data 
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Z γ 

Assumptions:  
MET is dominated by mismeasurement of hadronic recoil. 
Hadronic recoil can be parametrized in Njet and HT, 
MET as function of Njet,HT can be measured in γ & jets in data. 

jets 

jets 



MET templates 

•  Measure MET in γ & jets events in data 
–  In bins of HT, Njet 
– For each bin, normalize MET template to 1. 

•  For each Z & jets event 
– Pick MET template based on HT,Njet of the event 
– Sum MET templates over all events with Njet ≥ 2 
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MET in eµ control sample 

•  For each MET bin, predict non-Z bkg from 
eµ sample, after correcting for differences in 
e,µ efficiencies. 
10/25/12 13 
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Figure 2: Emiss
T distribution for the eµ final state passing preselection.

this effect because we do not know what signal may be present in the data. For the benchmark
SUSY scenarios LM4 and LM8, we have verified that the impact of signal contamination on the
predicted background from the Emiss

T templates method is negligible.

The systematic uncertainty in the prediction from the photon plus jets Emiss
T templates orig-

inates from 2 sources. Possible contributions to the Emiss
T from the photon are assessed by

varying the photon selection, which leads to a relative difference in the predicted background
of ≈10%. The effect of the difference between the distributions of hadronic recoil pT in the
control vs. signal samples is estimated by reweighting the photon plus jets events such that the
hadronic recoil pT distribution matches that in Z plus jets events, leading to a relative difference
in the predicted background of ≈10%. The total uncertainty in the predicted background from
the Emiss

T templates method is 15%.

6 Top Background Estimation
The tt contribution to the signal region is estimated using an opposite-flavor (OF) subtraction
technique. This technique takes advantage of the fact that the tt yield in the OF final state (eµ) is
the same as in the same-flavor (SF) final state (ee+ µµ), modulo differences in efficiency in the e
vs. µ selection. Hence the tt yield in the SF final state can be estimated using the corresponding
yield in the OF final state. Other backgrounds for which the lepton flavors are uncorrelated
(for example, W+W− and DY→ τ+τ−) are also included in this estimate.

To predict the SF yield in a signal region defined by a requirement on the Emiss
T , we take the

OF yield passing the same Emiss
T requirement. This yield is corrected using the ratio of muon to

electron selection efficiencies Rµe = 1.07 ± 0.07, which is evaluated from studies of Z → µ+µ−

and Z → e+e− events in data. The uncertainty in this quantity takes into account the small
variation of this quantity with respect to lepton pT. To improve the statistical precision of
the background estimate, we do not require the OF events to lie in the Z mass region, and
we apply a scale factor K = 0.16 ± 0.01 accounting for the fraction of tt events which lie in
the region 81 < M(��) < 101 GeV/c2, extracted from MC. The uncertainty in K is extracted
from the difference between this quantity in data and MC. The procedure using K gives results
consistent with not using K (and instead requiring eµ events to fall in the Z mass window), but
with a statistical uncertainty reduced by a factor of approximately two.

Backgrounds from pair production of vector bosons are negligible compared to tt̄. Backgrounds
from fake leptons are negligible due to the requirement of two pT > 20 GeV leptons in the Z
mass window, accompanied by jets and large Emiss

T .



Results 
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Emiss
T > 30 GeV Emiss

T > 60 GeV Emiss
T > 100 GeV Emiss

T > 200 GeV Emiss
T > 300 GeV

Z bkg 15070 ± 4825 484 ± 156 36 ± 12 2.4 ± 0.9 0.4 ± 0.3

OF bkg 1116 ± 101 680 ± 62 227 ± 21 11.4 ± 3.2 1.6 ± 0.6

VZ bkg 252 ± 126 79 ± 39 32 ± 16 5.0 ± 2.5 1.1 ± 0.7

total bkg 16438 ± 4828 1243 ± 173 295 ± 29 18.8 ± 4.2 3.1 ± 1.0
data 16483 (8243,8240) 1169 (615,554) 290 (142,148) 14 (8,6) 0

upper limit 6389 239 57 8.3 2.9

LM4 113± 9.1 102± 8.5 88± 7.9 50± 7.4 22± 6.0
LM8 49± 4.1 43± 3.7 35± 3.2 19± 2.9 9± 2.2

1

0.3% Agreement: 6% 2% 

Observed and predicted agree exceptionally well. 
No sign of new physics anywhere. 



Interpretation 

•  Throughout our analyses, we provide two 
ways to interpret the results: 
– Pick example models 
–  “Outreach” for theorists 

•  Provide enough information in the paper such that a 
theorist can crudely estimate the exclusion of a 
model’s parameter space due to our results. 

•  Theorist only needs a hard scatter generator for the 
model. We provide approximate efficiencies at the 
“parton” level, as well as turn-on curves for MET,HT. 
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Example GMSB 
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Exclusive Analysis 
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•  Search for EWK SUSY particles justifies 
additional cuts: 
– B-veto to suppress top bkg 
– Dijet invariant mass cut (70-110GeV) to 

suppress both Z+jets and top bkg 
– Third lepton veto to suppress WZ/ZZ 



Inclusive vs Exclusive 
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Inclusive vs Exclusive 
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Exclusive Yields 
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Once again, no sign of new physics! 



Exclusive Interpretation 

10/25/12 21  [GeV]µ
140 160 180 200 220 240 260 280 300

 [f
b]

σ

210

310

combined observed UL
)σ1±combined median expected UL (

2j observed ULl2
 observed ULl4

)σ1± theory (NLOσ

CMS Preliminary -1 = 4.98 fbint = 7 TeV, Ls

miss
TGMSB  ZZ + E

Z-enriched Higgsino model 
Ruderman & Shih 
JHEP08(2012)159 

arXiv:1209.6620  



Opposite sign Outside Z peak 
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arXiv:1206.3949 



Baseline Selection 
•  ee, eµ, µµ with pT > 20GeV/10GeV 
•  ≥ 2 jets of pT > 30GeV and HT > 100GeV  
•  MET > 50GeV 
•  Z veto for ee, µµ, dilepton mass > 12GeV 
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4 3 Event Selection

ies of Z → �� in data and in MC. As expected, the MC predicts that the sample passing the
preselection is dominated by dilepton tt̄. The data yield is in reasonable agreement with the
prediction, within the systematic uncertainties from integrated luminosity and tt̄ cross section.
We also quote the yields for the LM1, LM3 and LM6 benchmark scenarios.

Table 1: Data yields and MC predictions in the light lepton channels after preselection, using
the quoted NLO production cross sections σ. The tt̄ → �+�− corrresponds to dilepton tt̄ with
no W → τ decays, tt̄ → �±τ∓/τ+τ−refers to dilepton tt̄ with at least 1 W → τ decay, and
tt̄ → fake includes all other tt̄ decay modes. The LM points are benchmark SUSY scenarios
which are defined in the text. All uncertainties include the statistical component and the 4.5%
uncertainty in the integrated integrated luminosity. The data yield is in agreement with the
MC prediction, but the MC is not used quantitatively in the search.

Sample σ [pb] ee µµ eµ total
tt̄ → �+�− 7 1465.8 ± 66.1 1872.4 ± 84.4 4262.2 ± 192.0 7600.4 ± 342.2
tt̄ → �±τ∓/τ+τ− 9 302.8 ± 13.8 397.5 ± 18.0 888.6 ± 40.1 1588.9 ± 71.7
tt̄ → fake 141 50.2 ± 2.4 15.0 ± 0.8 90.0 ± 4.2 155.2 ± 7.1
DY→ �� 16677 192.6 ± 13.6 236.6 ± 15.6 311.8 ± 19.1 740.9 ± 39.0
W

+
W

− 43 55.0 ± 2.7 66.2 ± 3.2 150.7 ± 7.0 272.0 ± 12.5
W

±
Z

0 18 13.4 ± 0.7 15.0 ± 0.7 24.6 ± 1.2 53.0 ± 2.4
Z

0
Z

0 5.9 2.6 ± 0.1 3.3 ± 0.2 3.3 ± 0.2 9.1 ± 0.5
single top 102 94.6 ± 4.9 119.6 ± 6.0 278.1 ± 13.1 492.3 ± 22.8
W + jets 96648 47.3 ± 10.7 9.8 ± 4.7 59.4 ± 11.7 116.6 ± 17.0
MC 2224.3 ± 101.4 2735.4 ± 123.9 6068.8 ± 273.8 11028.5 ± 497.1

data 2333 2873 6184 11390

LM1 6.8 271.8 ± 13.5 342.1 ± 16.6 165.6 ± 8.7 779.6 ± 36.4
LM3 4.9 106.9 ± 5.6 125.2 ± 6.4 180.7 ± 9.0 412.8 ± 19.4
LM6 0.4 19.5 ± 1.0 23.2 ± 1.1 26.2 ± 1.3 68.8 ± 3.2

Table 2: Data yields and MC predictions in the hadronic tau channels after preselection, using
the quoted NLO production cross sections σ. The channel with two hadronic tau decays is not
presented because the trigger is not efficient in the preselection region. The samples of MC tt̄,
W

± + jets, and single-top events were generated with MADGRAPH. All other samples were
generated with PYTHIA. The error indicated represents statistic and systematic errors.

Sample eτ µτ total
Z → �� 48.4 ± 12.9 44.0 ± 10.7 92.4 ± 23.6
tt̄ + jets 155.7 ± 47.4 193.4 ± 58.8 349.1 ± 106.1
VV 10.5 ± 2.1 10.2 ± 2.0 20.7 ± 4.0
single top 6.8 ± 2.6 7.7 ± 2.7 14.5 ± 4.8
∑ MC True 137.8 ± 39.9 157.4 ± 45.1 295.8 ± 85.0
∑ MC Fake 83.7 ± 24.6 96.8 ± 27.9 179.9 ± 51.8
∑ SM 221.5 ± 63.7 255.3 ± 73.4 476.7 ± 136.8
Data 215 302 517
LM1 33.7 ± 7.5 43.3 ± 8.6 77.0 ± 13.5
LM6 2.6 ± 1.0 4.0 ± 1.3 6.6 ± 1.8
LM13 84.6 ± 14.6 111.4 ± 17.8 195.9 ± 29.2

Excellent Agreement between Data and MC 



Baseline Selection 
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Excellent Agreement between Data and MC 



Predict MET tails using dilepton pT 

•  Predominant bkg due to top. 
– MET is real, i.e. the sum pT of the two 

neutrinos. 
– On average, dilepton pT is a good estimate of 

di-neutrino pT 
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Four Signal Regions 
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(II) (III) (I) 

(IV) 



MET tails from dilepton pT 
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Agreement between observed and predicted for all HT regions. 
No sign of new physics. 
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Results 
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5.2 Hadronic Tau Channels 9

Figure 3: Distributions of E
miss

T
vs. HT for data in the light lepton channels (left) and hadronic

tau channels (right). The signal regions are indicated as shaded regions.

Table 3: Summary of the observed same-flavor (SF), opposite-flavor (OF) and total yields and
predicted yields in the 3 signal regions. The uncertainty in the MC prediction and yields for the
benchmark SUSY LM scenarios are statistical only. The first uncertainty on the pT(��) method
prediction is statistical and the second is systematic; the systematic uncertainty is discussed in
the text. The non-SM yield UL is a CLS 95% confidence level upper limit.

high E
miss

T
high HT tight low HT

SF yield 15 11 6 3
OF yield 15 18 5 3
total yield 30 29 11 6

pT(��) prediction 21 ± 8.9 ± 8.0 22 ± 7.5 ± 6.9 11 ± 5.8 ± 3.8 12 ± 4.9 ± 5.7
MC prediction 30 ± 1.2 31 ± 0.9 12 ± 0.6 4.2 ± 0.3
non-SM yield UL 26 23 11 6.5
LM1 221 ± 5.1 170 ± 4.5 106 ± 3.5 6.2 ± 0.9
LM3 79 ± 2.4 83 ± 2.5 44 ± 1.8 2.3 ± 0.4
LM6 35 ± 0.6 33 ± 0.5 26 ± 0.5 0.6 ± 0.1

The background with real lepton pairs is predicted by extending the pT(��) method. To trans-
late the prediction in the ee, eµ, µµ channels into a prediction for the eτh, µτh and τhτh channels
we use a third correction factor estimated from simulation Kτ = 0.10 ± 0.01 (for all signal re-
gions) that accounts for the different lepton acceptances (∼ 0.75), branching ratios (∼ 0.56) and
efficiencies (∼ 0.24) in tau channels. Note that this procedure predicts yield for dileptonic tt̄
decays with real τh.

The background with a reconstructed τh originating from a misidentified jet or a secondary
decay is determined using a tight-to-loose (TL) ratio (or “fake-rate”) for τhs measured in a
background (di-jet) dominated data sample, defined as HT > 200 and E

miss

T
< 20 . We define

tight candidates to pass the full τh selection criteria. For the definition of loose candidates we
replace the HPS isolation criterium by a loose relative isolation. The loose isolation require-

(II)+(III) (III)+(IV) (III) (I) 

Observed agrees well with both MC and data driven predictions. 
No sign of new physics. 

To reach few evts bkg requires HT > 600GeV & MET > 275GeV 



Conclusions for Opposite sign 
dilepton production 

•  At high MET and/or high HT top production 
dominates. 

•  MC predicts the overall kinematic properties of top 
quite well, both in the bulk and in the tails. 

•  At low MET Z production dominates 
•  The MET distribution in events with a Z is 

predicted quite well from events with a photon. 
•  No new physics anywhere. 
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Same-sign Dileptons 
Two Analyses 

Generic Same-sign:  
Phys. Rev. Lett. 109, 071803 (2012) 

 
Same-sign w. >= 2 b-tags:  

JHEP08 (2012) 110 
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Production of  
Majorana Particles 

T-channel same-sign  
top production 

V. Krutelyov            Same-sign dileptons and multileptonsSEARCH Workshop 03/18/12

• Same-sign dileptons are in many configurations in squark/gluino production
! squarks (same sign), squark-qluino, gluino pairs all have like-sign dileptons
! as long as there is a charged current exchange (either a W or a chargino in the 

intermediate state)

• Remarkable signatures include stop and sbottom quarks as they 
additionally include b-quarks in the final states, and give Ws themselves

• In all cases: at least two jets and  MET are present !

11
Sunday, March 18, 2012
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V. Krutelyov            Same-sign dileptons and multileptonsSEARCH Workshop 03/18/12

• Same-sign top-quark pair production: pp → tt
! Use region 2 (HT>80 GeV, MET>30 GeV) with ++: 5 observed vs 4.4±1.6 expected

• Two models with similar final state kinematics

30

Z’ with uZtR coupling

Region consistent with Tevatron top AFB
is excluded with a large margin

SU(2)-doublet scalar Φ with uΦtR coupling 

CDF 2 fb-1 PRL102:041801

Substantially improved constraints

Sunday, March 18, 2012

Same-sign dileptons are rare in SM, 
but quite common beyond the SM. 

Any final state with 3 or more W’s. 
E.g. sbottom pair production. 

Sbottom -> top W LSP 



Same-sign Dileptons 
Common bkg characteristics 

Three types of bkg: 
“fake leptons” 

Electron charge mismeasurement 
Irreducible bkg from genuine same-sign  
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Two Types of Triggers 

•  Dilepton trigger 20/10 GeV 
•  Dilepton & HT trigger 

– Muons at 5GeV 
– Electrons at 10GeV 
– HT > 200GeV 
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Pursuing both strategies to cover  
maximal phase space in searches. 



Two Search Strategies 

•  As inclusive as possible 
– Low pT leptons & high HT & MET 
– 20/10 pT leptons & moderate HT & MET 

•  As clean as possible 
– Focus on leptons from W only => 20/20 pT 
– Tighter isolation requirement 
– At least two btags  
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Inclusive same sign dileptons 
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5/fb at 7TeV 
Phys. Rev. Lett. 109, 071803 (2012) 



Dominant bkg 
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1 Introduction19

The CMS Collaboration has reported results of searches in the final states with two same-sign isolated leptons, jets20

and missing energy [1, 2], including a more specific search targeting the same-sign top pair production [3]. The21

major background in all these analyses is from tt production, as shown in Fig. 1.22

t̄t

b̄
b

l−

ν̄

J1

J2

c
ν̄

l−

Figure 1: Diagram for tt decays giving rise to same-sign dilepton final states

The dominant source of same-sign dileptons in tt are events where one of the leptons is from W → �ν and the23

other originates from semi-leptonic b-decays. We refer to the first as “real lepton” and the second as “fake lepton”.24

An additional requirement on the number of b-jets ≥ 2, reduces this background significantly, as a b-quark cannot25

produce an isolated lepton and at the same time provide a b-tag. In other words, the two b-quarks in a top event26

cannot give three distinct, well separated objects: two tagged jets and one isolated lepton.27

Thus, in this note we expand on the results of Reference [2] by requiring that there be ≥ 2 b-tagged jets. For the28

ee, µµ, and eµ channels, those results were based on three separate analysis notes (References [4, 5, 6]) that differ29

in the treatment of the fake lepton background. The work described in this note uses the method of Reference [4],30

and that is where support material can be found. Results consistent with ours have recently been reported by other31

groups [6, 7].32

Same-sign dileptons in association with two or more b-quarks appear naturally in many new physics scenarios.33

They have been proposed as signatures of supersymmetry (SUSY) where heavy flavor (top or bottom) jets appear34

naturally [8, 9, 10, 11], in particular in processes with virtual stop contributions [12, 13], those with resonant35

stop [14], all alternatively described with simplified models (SMS) [15]; color-octet scalar production (either as36

sgluons in the context of SUSY [16], or non-SUSY in the context of minimal flavor violation [17]); models of37

maximal flavor violation (MaxFV) [18, 19, 20]; same-sign top quark production from flavor changing neutral38

currents in the top sector [22]; pair production of T5/3 [23]; and top compositeness [24, 25, 26] among others.39

As was done in References [1],[2], and [4], we present our results in such a way that they can (reletively) easily be40

used by phenomenologists to confront many models of new physics that produces same-sign dileptons, b-jets, and41

missing energy.42

In addition, among all potential new physics models we select the following to report the sensitivity of this analysis:43

1. the same-sign top pair production via Z � [3, 22];44

2. the same-sign top pair production in MaxFV [20];45

3. tttt�χ0
1�χ0

1 final state via (exclusive) gluino pair production with each gluino decaying a top-stop pair and the46

stop decaying exclusively to top and LSP, all on-shell;47

4. tttt�χ0
1�χ0

1 final state via (exclusive) gluino pair production with each gluino decaying to a tt and LSP via a48

virtual stop exchange[21]; this decay mode of the gluino would dominate if all squarks were very massive49

with the stop being the lightest;50

5. ttW+W−χ0
1χ

0
1 final state via (exclusive) sbottom pair production with each sbottom decaying to a top and51

the lightest chargino, which subsequently decays to a W boson and an LSP;52

1

One lepton from W 

Second lepton from b-decay 

Estimate this bkg from data with “fake rate method” 
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Fake Rate Method 
•  Same technique as used at CDF for the last ~ 20 years. 

–  lepton fake estimates in all our CDF and CMS analyses are done this way 
•  Define a “Loose” and a “Tight” lepton selection 
•  Define a “Fake Rate”: 

 FR = (# of evts passing tight) / (# of evts passing loose) = f( pT,η)  
•  Measure f(pT,η) in unbiased single lepton trigger sample. 

–  Use a pre-scaled trigger for that is ~100% efficient for “Loose” in order to 
guarantee that f(pT,η) is not biased by trigger. 

•  Apply f(pT,η) to sample with:  
–  Two-loose to estimate “double fakes” 
–  one-tight-one-loose leptons to estimate “single-fakes + 2x double-fakes” 
–  Total fake estimate = “one-tight-one-loose” - “two-loose” estimates 

•  Statistical error = sample stats in appropriate signal region for:  
–  one-tight-one-loose 
–  Two-loose  

•  Systematic error = 50% due to systematics in determining f(pT,η). 
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Dominant Systematics 
•  Assumption: f(pT,η) is independent of the 

parton pT that created the loose lepton. 

Test the assumption by varying pT of away-jet in “loose” 
lepton sample.  

“Dijet” characteristics produces 
correlation in pT between away-jet 
and parton that produces  
“loose” lepton. 
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Electron Charge mismeasurement 
Electron momentum is measured (mostly) by ECAL. 
Electron charge is measured (mostly) by tracker. 
=> Charge mismeasurement leaves p unchanged. 

Same sign Z to ee in data and MC. 
(selected after vetoing Ws using MET and MT )  

Hard brems followed  
by conversion can lead to 
Charge mismeasurement 
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Electron Charge mismeasurement 

Rate of charge misId 
ranges from ~ 10-4  
in central detector, to 
few 10-3 at |η| ~ 1.5   

Estimate bkg using OS in signal region in data times  
charge misId rate as a function of pT and η from MC 

Single electron Simulation 



Irreducible bkg 

•  Top pairs with additional W or Z 
•  Single parton same sign WW production 
•  WZ/ZZ production 
•  And to a lesser extend: 

– Double parton WW 
– Tri-boson production 

10/25/12 41 

These bkg are estimated from MC with 50% systematic error. 
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In most signal regions bkg from fakes dominate. 



Yield 
Table 
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HT>80GeV, MET>120GeV 

HT>200GeV, MET>120GeV 

HT>450GeV, MET>50GeV 

HT>450GeV, MET>120GeV 



Same-sign with ≥ 2 btags 
Motivated by signals with multiple top’s and W’s 

Focus on leptons from W only => 20/20 pT 
Tighter isolation requirement 

At least two btags  
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5/fb at 7TeV:  JHEP08 (2012) 110 
4/fb at 8TeV:  CMS-PAS-SUS-12-017 (ICHEP 2012)  



Reminder 
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1 Introduction19

The CMS Collaboration has reported results of searches in the final states with two same-sign isolated leptons, jets20

and missing energy [1, 2], including a more specific search targeting the same-sign top pair production [3]. The21

major background in all these analyses is from tt production, as shown in Fig. 1.22
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Figure 1: Diagram for tt decays giving rise to same-sign dilepton final states

The dominant source of same-sign dileptons in tt are events where one of the leptons is from W → �ν and the23

other originates from semi-leptonic b-decays. We refer to the first as “real lepton” and the second as “fake lepton”.24

An additional requirement on the number of b-jets ≥ 2, reduces this background significantly, as a b-quark cannot25

produce an isolated lepton and at the same time provide a b-tag. In other words, the two b-quarks in a top event26

cannot give three distinct, well separated objects: two tagged jets and one isolated lepton.27

Thus, in this note we expand on the results of Reference [2] by requiring that there be ≥ 2 b-tagged jets. For the28

ee, µµ, and eµ channels, those results were based on three separate analysis notes (References [4, 5, 6]) that differ29

in the treatment of the fake lepton background. The work described in this note uses the method of Reference [4],30

and that is where support material can be found. Results consistent with ours have recently been reported by other31

groups [6, 7].32

Same-sign dileptons in association with two or more b-quarks appear naturally in many new physics scenarios.33

They have been proposed as signatures of supersymmetry (SUSY) where heavy flavor (top or bottom) jets appear34

naturally [8, 9, 10, 11], in particular in processes with virtual stop contributions [12, 13], those with resonant35

stop [14], all alternatively described with simplified models (SMS) [15]; color-octet scalar production (either as36

sgluons in the context of SUSY [16], or non-SUSY in the context of minimal flavor violation [17]); models of37

maximal flavor violation (MaxFV) [18, 19, 20]; same-sign top quark production from flavor changing neutral38

currents in the top sector [22]; pair production of T5/3 [23]; and top compositeness [24, 25, 26] among others.39

As was done in References [1],[2], and [4], we present our results in such a way that they can (reletively) easily be40

used by phenomenologists to confront many models of new physics that produces same-sign dileptons, b-jets, and41

missing energy.42

In addition, among all potential new physics models we select the following to report the sensitivity of this analysis:43

1. the same-sign top pair production via Z � [3, 22];44

2. the same-sign top pair production in MaxFV [20];45

3. tttt�χ0
1�χ0

1 final state via (exclusive) gluino pair production with each gluino decaying a top-stop pair and the46

stop decaying exclusively to top and LSP, all on-shell;47

4. tttt�χ0
1�χ0

1 final state via (exclusive) gluino pair production with each gluino decaying to a tt and LSP via a48

virtual stop exchange[21]; this decay mode of the gluino would dominate if all squarks were very massive49

with the stop being the lightest;50

5. ttW+W−χ0
1χ

0
1 final state via (exclusive) sbottom pair production with each sbottom decaying to a top and51

the lightest chargino, which subsequently decays to a W boson and an LSP;52

1

One lepton from W 

Second lepton from b-decay 

This bkg is reduced by x150 because a b-quark can not 
simultaneously provide a btag and an isolated lepton! 



Yield 
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Comparison with/without b-tags 

•  Composition changes, also within 
categories 
– Other fakes: W+jets bkg eliminated 
– Charge misId: only top pairs survive 
–  Irreducible: only ttW and ttZ survive 
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Origin of bkg Without b-tags ≥ 2 b-tags 
Fakes from b 31% 5% 
Other fakes 20% 25% 
Charge misId 10% 26% 
irreducible 39% 44% 

pT > 20/20GeV & MET > 30GeV & HT > 80GeV 



Signal regions 
ICHEP 2012 Result 
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Excellent agreement between observed and predicted. 
No sign of new physics. 

 
(“Amusing fluctuation” in - - vs ++) 
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MET & HT Projections 
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Using the “fake rate method” we can predict  
the kinematic distributions of the bkg. 

 
Totals as well as distributions are as expected from bkg. 
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Interpretations for same-sign 
w. b-tags 

Gluino production 
Sbottom production 
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b-quarks from gluino pair 
production, are rulled out up to 
~900 GeV gluino mass, 
irrespective of decay chain 
details. 

) GeVg~m(
400 500 600 700 800 900 1000 1100

) G
eV

0 1χ∼
m

(

100

200

300

400

500

600

700

800
-1 = 3.95 fbint = 8 TeV, LsCMS Preliminary, 

Same Sign dileptons with btag selection
σ 1 ± NLO+NLLσ = prodσObserved Limit 

σ 1 stat. ±Expected Limit 



P1

P2

b̃1

b̃∗1

t

t̄

χ̃−
1

χ̃+
1

W−

W+

χ̃0
1

χ̃0
1

Sbottom pair production 

10/25/12 52 

Sbottom to top + W + LSP 

Ruled out up to  
sbottom masses ~ 410GeV 
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Conclusions on same-sign search 

•  No new physics found anywhere. 
•  Less bkg than in hadronic and single lepton 

searches when probing the same mass scale. 
–  Thus more promising as luminosity increases. 

•  Significant constraints on physics with >= 4W’s 
and >=2 b-quarks 
–  I showed only a small subset of the things that have 

been proposed that lead to final states with same-
sign dileptons and >= 2 b-quarks. 
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Where do we go from here? 

•  SUSY was not just “around the corner”. 
–  In fact, the energy increase from 2 -> 8TeV got 

us no new physics of any kind. 
•  We are still in the dark about dark matter 
•  We found something that looks like the 

Higgs 
– Can this be used to guide us? 
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Naturalness for Experimentalists 
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is based on the fundamental relationships between the 19
§
weak scale soft SUSY-breaking

parameters of the pMSSM, denoted here as pi (1 ≤ i ≤ 19), the mass of the Z boson and the

effective scalar mass parameters in the Higgs potential. Specifically, we consider the relation

M2
Z
= −2µ2

+ 2
m2

Hd
− t2

β
m2

Hu

t2
β
− 1

, (4)

where tβ = tan β and m2
Hd,u

are the usual doublet mass terms in the Higgs potential. This re-

lationship is assumed to hold beyond tree-level and include well-known radiative corrections.

Since the masses m2
Hd,u

themselves depend upon the various pi via these loop corrections,

the usual quantities

Zi =
∂(logM2

Z
)

∂(log pi)
=

pi
M2

Z

∂M2
Z

∂pi
(5)

can then be directly calculated. We then define the overall amount of FT in a given pMSSM

model via the single parameter [23, 24]

∆ = max(|Zi|) , (6)

although an alternative definition of fine-tuning,

δ =
��

i

Z2
i

�1/2
, (7)

will also be considered briefly in the discussion below. Clearly in the limit that only one of

the Zi dominates in this sum these two definitions will yield essentially identical results. In

practice, this need not be the case, although the contributions to both fine-tuning measures

are indeed dominated by only a few of the Zi. Generally we expect that in a given model, δ
will be somewhat larger (by factors of a few) than ∆. Thus requiring δ to lie below a specific

value will place a stronger fine-tuning constraint than requiring ∆ to be below that same

value.

In performing our calculations of fine-tuning we employ the same assumptions used

during the generation of our two model sets (in particular, that the masses and Yukawa

couplings and, for consistency, the associated A-terms of the SM fermions of the first two

generations are zero). In this case, the 1-loop, leading-log (LL) contributions to the Zi

arising from the five pMSSM Lagrangian parameters MQ1,2, ML1,2, Mu1,2, Md1,2 and Me1,2

are all identically zero and, in addition, the corresponding 2-loop, next-to-leading-log (NLL)

contributions from these same parameters are very highly suppressed and can be safely

ignored.

For a generic pi, contributions to the corresponding Zi may first appear at tree-level,
LL or NLL order. Although in most cases we will keep only the leading term, in some cases

the numerics warrant including the higher order contribution as well. All of the various

§For the gravitino LSP model set, the effect of m3/2 on the fine-tuning is completely negligible.
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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 ∼ 246GeV.

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

7

“Large” cancellations are “unnatural” 

Small stop mass 

Small higgsino masses 

since no hard info, yet, on the crucial configuration
SUSY still well alive,

see, e.g., Dimopoulos, Giudice for SUGRA-mediation, 1995
(to be made more precise in any given SB-mediation scheme)

The key equations:
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Loop effects then require the gluino  
also to not be too large in mass. 



“Natural” Mass Spectra 
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CMS Stop Strategy thus far 
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In both cases, we kept the W and top on shell. 
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What’s a reasonable spectrum? 
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Figure 23: Sparticle mass spectrum of a neutralino LSP pMSSM model, 2403883, which
satisfies mh = 125± 2 GeV, ∆ < 100, and all current search constraints.

36

arXiv:1206.5800  

Five weak and two colored sparticles within reach. 
Complex decay chains with small Q-values in decays. 

Nevertheless, this is not yet ruled out! 
Figure 27: Sample light stop decay pattern for model 2403883. The numbers in parentheses
label the sparticle masses and the other numbers indicate the branching fractions in percent
for the various decay paths as described in the text.
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Summary & Conclusion 

•  So far no new physics was found. 
•  Next steps: 

– Search for natural SUSY … 
– … especially in compressed spectra … 
– … for weakly interacting sparticles … 
– … as well as colored third generation. 
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Backup 
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Outreach to theorists 

Objective: 
Describe our efficiencies and turn-on curves such 

that theorists can do parameter scans on their 
favorite theories to constrain new physics. 
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Lepton & b-tagging Efficiencies 
within acceptance 
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Require a b-quark (lepton) to be within acceptance at gen-level,  
then apply these efficiencies, to estimate the efficiency for our analysis. 



Turn-on curves for HT,MET 
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Add colored partons (non-interacting particles) within acceptance  
to construct “HT” (“MET”), and apply turn-on curves to estimate  

efficiency for our selection. 



How well does this work? 
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We showed in 2010 same-sign paper that this works better, 
than the theoretical error due to pdf and higher order corrections. 

(10-30% or so) 



When does it fail ? 
•  Lepton isolation efficiency depends on the 

event environment. 
•  The more hadronic energy in the event, the 

lower the efficiency. 
•  However, if the new physics provides 

leptons only from heavily boosted objects 
that decay “semi-leptonically” then all bets 
are off, and a full simulation is needed to 
estimate the efficiency. 
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Dijet Invariant mass in 
EWKino Search 
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96

trinos) and the jets are from ISR. In this case, the dijet mass distribution is very broad,

similiar to the Z + jets distribution of Fig. 5.1.

Figure 5.1: The dijet invariant mass distribution in MC overlaid for the most important

background processes. The red vertical lines indicate the selection window of 70 to 110

GeV.

5.1.3 Third Lepton Veto

The third lepton veto is used to suppress WZ where both the W and Z decay

leptonically and the jets are from ISR. We use the same lepton selection as for signal

leptons (see Sec. 4.1.2). After the suppression of tt̄ from the additional cuts described

above, diboson processes are a large fraction of the remaining background at high MET .

This cut helps reduce the WZ component of the diboson background.

5.1.4 Preselection

The combination of selection cuts from the nominal analysis (Sec. 4.1.4) and

the cuts described above (Secs. 5.1.1 through 5.1.3) constitute the preselection for this

targeted analysis. The full list is summarized here:


