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Exclusions
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

•  Lots of exclusions!

ATLAS
SUSY

CMS
SUSY

ATLAS
EXO

CMS
EXO



Excesses

•  …but very few excesses

•  Expect several 3σ fluctuations, but almost none observed

•  Will show personal selection of >2σ excesses

•  Goals:
–  Make sure they’re checked in run 2 (and by other experiment)
–  Identify cross-checks: kinematic distributions, background estimates, etc
–  Identify possible signal models ⟶ check other final states
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Dilepton Mass “Edge” Search
•  Search for decay
•  Mℓℓ (sensitive variable) uses only 

clean, well-measured leptons
•  Striking feature + simple background 

estimation (using eμ events)
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CMS Edge Results
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CMS-PAS-SUS-12-019
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Counting experiment
20 < Mℓℓ < 70 GeV:

Fit Mℓℓ distribution:

78.7 ± 1.4

ee+μμ search region eμ control region

•  2.6σ excess in counting experiment
•  Medge = 79 GeV from fit (also ~3σ excess)

best fit
signal 
model

2 e/μ leptons with pT > 20 GeV and |η| < 1.4
(njets ≥ 2 AND ET

miss > 150 GeV) OR
(njets ≥ 3 AND ET

miss > 100 GeV) 



Possible Explanations
•  Problems with 2ℓ triggers for ttbar estimation

–  e.g. broken eμ trigger would produce ee+μμ “excess”
–  Cross-checked with 1ℓ and ET

miss triggers ⟶ consistent results

•  Underestimation of Z+jets (off-shell Z, mismeasured leptons)
–  Would need to be underestimated by ×15 to explain results
–  Check in 2ℓ+1 jet events ⟶ no excess at low Mℓℓ 
–  nb-jets = 0 bin shows no excess (excess mostly in 1b and 2b bins)

•  Underestimation of fake lepton backgrounds
–  Could populate ee more than eμ, μμ ⟶ but ee and μμ results consistent
–  Data-driven fake background estimation confirms this bkg is negligible
–  Tighten the lepton d0 and isolation cuts ⟶ no significant changes

•  It is difficult to come up with systematic effects that explain this ⟶ 
fluctuation or signal?
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Constructing a (Simplified) Model
•  Need                   decay to explain edge
•  Need strong production (squarks/gluinos) to explain jets
•  Excess events don’t have very large njets ⟶ squark-pairs
•  Excess events have b-jets ⟶ choose sbottom-pairs
•  Medge ~                    ⟶ fix at 70 GeV

•  … but no confirmation from 4ℓ                                                      
or all-hadronic searches
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Constructing a (Full) Model
•  Construct 2 models with 390 GeV sbottom-pairs, choose SUSY 

parameters to fit CMS edge while evading other LHC constraints
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A. Scenario A

The spectrum in Fig 1 features a s-bottom with a mass around 390 GeV and a light

s-lepton. The s-bottom can decay to a �̃0
2 and a b-jet. The �̃0

2, with a mass around 340

GeV can decay to two leptons and a �̃0
1 through a right-handed s-electron or a s-muon with

masses mẽR = mµ̃R = ml̃ around 300 GeV. The mass of the LSP is chosen to be 260 GeV.

Those two leptons will have same flavor and opposite signs, and the edge of the invariant

mass of the dilepton will be at

medge
ll =

vuut(m2
�̃0
2
�m2

l̃
)(m2

l̃
�m2

�̃0
1
)

m2
l̃

, (1)

which is about 80 GeV in this spectrum. In Eq. (1) ml̃ is the s-lepton mass and m�̃0
1
and m�̃0

2

are the lightest and second lightest neutralino masses, respectively. The competing decay

channel of the s-bottom is a b-jet and the LSP. Therefore, the pair produced s-bottoms,

with one s-bottom decaying to a b-jet and the LSP, and the other decaying through the

decay chain discussed above, will contribute to the SFOS dilepton + �2 jets + missing

energy channel with a kinematic edge around 80 GeV. Also, since the s-bottom decays to

either a b-jet and missing energy, or a b-jet, two leptons and missing energy, there will be no

significant contributions to the 2b-jets plus 2 jets channel from s-bottom pair production.
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FIG. 1: A spectrum that could account for the dilepton kinematic edge. �̃0
2 decays to the LSP and

a pair of same flavor opposite sign dileptons through a light s-lepton.

The mass parameters in scenario A were chosen in order to give a su�ciently large

cross-section without being in conflict with other experimental constraints, which will be

10

with the 2 b-jets + Emiss
T data.

In the spectrum shown in Fig 3, we choose the b̃1 mass around 330 GeV, the Higgsino

mass parameter µ to be around 290 GeV and the LSP mass at 212 GeV. Then for these

values of the mass parameters, BF (b̃1 ! �̃0
2b) = 0.25 and BF (b̃1 ! �̃0

3b) = 0.19. In this

case, BF (b̃1 ! �̃0
1l

+l�b) is around 0.44 ⇥0.06 ' 0.03, which is small enough to suppress

the 4 lepton mode and large enough to contribute about 100 events to the dilepton edge.

In this scenario, the s-bottom pair production will also contribute to the �2 jets + �2

b-jet channel. There is a potentially large signal in this channel coming from s-bottom pair

production, and in the next section we shall discuss the constraints coming from it. Let us

only emphasize here that the jets coming from the heavier neutralino decays tend to be soft

and there are over-whelming backgrounds associated, for instance, with tt̄ production, so

that the scenario B is still consistent with this constraint.
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FIG. 3: A spectrum that could account for the dilepton kinematic edge. �̃0
2 and �̃0

3 decay to the

LSP and a pair of same flavor opposite sign leptons through an o↵-shell Z.

In scenario B, the production cross section is �
⇣
pp ! b̃1b̃1

⌘
= 1.14 pb. At the 8 TeV

LHC, with a luminosity of 19.4 fb�1, there are 80 events in the central signal region and 9.0

events in the forward signal region. In this case, the predicted edges are located at the mass

di↵erence between the heavier and the lightest neutralino,

medge
ll = m�̃0

2,�̃
0
3
�m�̃0

1
, (2)

that was chosen to be 78 GeV and 76 GeV for the third and second lightest neutralino in

this scenario, respectively.

scenario A
(light sleptons)

scenario B
(no light sleptons)

7

BF(b̃1 ! �̃0
1b) is 92.6% and �(pp ! b̃1b̃1) = 0.42 pb. We found out that at the 8 TeV LHC,

with a total integrated luminosity of 19.4 fb�1, 110 SFOS dilepton events are expected in

the central signal region and 13.4 events in the forward signal region. As stressed before,

there is no significant contributions to the �2bjets + �2 jets channel. The invariant mass

distribution of the dilepton system shows an edge at about 80 GeV, as predicted by Eq. (1),

and shown in Fig 2.
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FIG. 2: Invariant mass distribution of the same flavor, opposite sign dileptons. See the spectrum

in Fig 1 and Table I.

Although we have not attempted to find the optimal values of the supersymmetric particle

masses consistent with the observed signal, we have analyzed the e↵ects of possible variations

of these parameters. A s-bottom lighter than 390 GeV will have a larger production rate,

but the generation of the kinematic edge becomes more di�cult due to the fact that for a

BF(b̃1 ! �̃0
1b) ' 1 the experimental bounds on the LSP mass for s-bottoms with masses

between 300 GeV and 400 GeV (which will be discussed in more detail in the next section)

do not change much with the mass of s-bottoms. That means, for a lighter s-bottom, the

allowed mass for the LSP would only be slightly smaller than 260 GeV. Therefore, in order

to reproduce the edge the heavier neutralino mass should be kept at approximately the same

value and the BF(b̃1 ! b�̃0
2) would be smaller than in the example we discussed above. For

instance, for a s-bottom around 385 GeV, the cross section is increased to 0.45 pb while

BF(b̃1 ! b�̃0
2) is reduced to 0.064. Assuming the kinematic properties do not change in

dilepton mass edge
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ATLAS 3ℓ Results
•  Observe excesses in SR0τa (ℓ+ℓ-ℓ, ℓ+ℓ-ℓ’)

–  3ℓ (no τ) with 1 SFOS pair, categorize events with MSFOS, MT, ET
miss

–  Excesses have moderate ET
miss, MT values
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ATLAS, Phys. Rev. D. 90, 052001 (2014)
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Sample SR0τa-bin01 SR0τa-bin02 SR0τa-bin03 SR0τa-bin04 SR0τa-bin05 SR0τa-bin06

WZ 13.2+3.4
−3.2 3.0± 1.4 7.8± 1.6 4.5+1.1

−1.0 6.3± 1.6 3.7± 1.6

ZZ 1.4+0.6
−0.5 0.12± 0.06 0.40± 0.14 0.20± 0.18 1.5± 0.5 0.25+0.14

−0.11

tt̄V + tZ 0.14± 0.05 0.07± 0.04 0.04+0.05
−0.04 0.14± 0.13 0.11± 0.08 0.047+0.022

−0.021

V V V 0.33± 0.33 0.10± 0.10 0.19± 0.19 0.6± 0.6 0.26+0.27
−0.26 0.24± 0.24

Higgs 0.66± 0.26 0.15± 0.08 0.64± 0.22 0.46+0.18
−0.17 0.36+0.14

−0.15 0.33+0.13
−0.12

Reducible 6.7± 2.4 0.8± 0.4 1.6+0.7
−0.6 2.7± 1.0 4.3+1.6

−1.4 2.0± 0.8

Total SM 23± 4 4.2± 1.5 10.6± 1.8 8.5+1.7
−1.6 12.9+2.4

−2.3 6.6+1.9
−1.8

Data 36 5 9 9 11 13

p0 (σ) 0.02 (2.16) 0.35 (0.38) 0.50 0.40 (0.26) 0.50 0.03 (1.91)

N95
exp 14.1+5.6

−3.6 6.2+2.5
−1.7 8.4+3.1

−2.3 7.7+3.1
−2.1 9.0+3.6

−2.5 8.0+3.2
−1.9

N95
obs 26.8 6.9 7.3 8.4 7.9 14.4

Sample SR0τa-bin07 SR0τa-bin08 SR0τa-bin09 SR0τa-bin10 SR0τa-bin11 SR0τa-bin12

WZ 7.6± 1.3 0.30+0.25
−0.24 16.2+3.2

−3.1 13.1+2.5
−2.6 19± 4 3.7± 1.2

ZZ 0.55+0.16
−0.14 0.012+0.008

−0.007 1.43+0.32
−0.28 0.60+0.12

−0.13 0.7± 1.2 0.14± 0.09

tt̄V + tZ 0.04+0.15
−0.04 0.12+0.13

−0.12 0.16+0.09
−0.12 0.12± 0.10 0.41+0.24

−0.22 0.12± 0.11

V V V 0.9± 0.9 0.13+0.14
−0.13 0.23+0.24

−0.23 0.4± 0.4 0.6± 0.6 0.6± 0.6

Higgs 0.98+0.29
−0.30 0.13± 0.06 0.32± 0.11 0.22+0.10

−0.11 0.28± 0.12 0.12± 0.06

Reducible 4.0+1.5
−1.4 0.40+0.27

−0.26 4.1+1.3
−1.2 1.9+0.9

−0.8 5.7+2.1
−1.9 0.9+0.5

−0.4

Total SM 14.1± 2.2 1.1± 0.4 22.4+3.6
−3.4 16.4± 2.8 27± 5 5.5+1.5

−1.4

Data 15 1 28 24 29 8

p0 (σ) 0.37 (0.33) 0.50 0.13 (1.12) 0.07 (1.50) 0.39 (0.28) 0.21 (0.82)

N95
exp 9.6+3.9

−2.5 3.7+1.5
−0.9 12.7+4.9

−3.5 11.3+4.5
−3.1 13.8+5.4

−3.7 6.9+2.9
−1.7

N95
obs 10.8 3.7 18.0 18.3 15.3 9.2

Table 7. Expected numbers of SM background events and observed numbers of data events in
the signal regions SR0τa-bin01-bin12 for 20.3 fb−1. Statistical and systematic uncertainties are
included as described in section 7.3. Also shown are the one-sided p0-values and the upper limits at
95% CL on the expected and observed number of beyond-the-SM events (N95

exp and N95
obs) for each

signal region, calculated using pseudo-experiments and the CLs prescription. For p0-values below
0.5, the observed number of standard deviations, σ, is also shown in parentheses.

signal scenarios under consideration. For the exclusion limits, the observed and expected

95% CL limits are calculated using pseudo-experiments for each SUSY model point, taking

into account the theoretical and experimental uncertainties on the SM background and the

experimental uncertainties on the signal. The impact of the theoretical uncertainties on

the signal cross-section is shown for the observed limit and where quoted, limits refer to

the −1σ variation on the observed limit.

In the ℓ̃L-mediated simplified model, χ̃
±
1 and χ̃0

2 masses are excluded up to 700 GeV as

shown in figure 7(a). The region SR0τa-bin20 offers the best sensitivity to scenarios with

high χ̃±
1 and χ̃0

2 masses, and the low-mSFOS SR0τa bins to the smallmχ̃0
2
−mχ̃0

1
scenarios. In

the WZ-mediated simplified model shown in figure 7(b), χ̃
±
1 and χ̃0

2 masses are excluded up

– 17 –

MSFOS 12-40 GeV
MT < 80 GeV
ET

miss 50-90 GeV
2.2σ 

MSFOS 40-60 GeV
MT < 80 GeV
ET

miss > 75 GeV
1.9σ 

MSFOS 60-81 GeV
MT > 80 GeV
ET

miss 50-75 GeV
1.5σ 



ATLAS 3ℓ Interpretations
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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(c) WZ-mediated (d) Wh-mediated

Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2<M1<µ

(µ<M1<M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
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studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.
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±
2 and the bino-like χ̃
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Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0
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+
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)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
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1 compositions, three values of M1 are considered:
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(a) ℓ̃L-mediated simplified model
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(b) WZ-mediated simplified model
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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(a) ℓ̃L-mediated (b) τ̃L-mediated
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃
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2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,
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•  CMS search for 𝛘+𝛘0⟶WZ+ET
miss
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no excess here

… but there is an excess here (in 3ℓ)



CMS 3ℓ Results
•  Excess due to 3ℓ events with SFOS on-Z pair and large MT

•  Key experimental challenge: modeling MT tails
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ATLAS Soft 2μ Excess
•  Excess events with 2 soft muons, jets, and ET

miss

–  N.B. excess gone in paper arXiv:1501.03555 [hep-ex]
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ATLAS-CONF-2013-062

 [GeV]Tm
0 20 40 60 80 100 120 140 160 180 200

E
ve

n
ts

 /
 2

0
 G

e
V

0

5

10

15

ATLAS Preliminary

=8 TeVs, 
-1

 Ldt = 20.1 fb∫

soft dimuon
signal region

Data (2012)

misid. lepton

W+jets

tt

Single Top

Z+jets

Dibosons

Other contribution

mUED (900 GeV,40)

Figure 9: mT distribution, prior to the mT requirement, in the soft dimuon signal region. The Standard

Model expectation is derived from the fit. The uncertainty band on the Standard Model expectation

shown here combines the statistical uncertainty on the simulated event samples and the theory-related

uncertainties on the background with the systematic uncertainties on the jet energy scale and resolution,

on the lepton identification, momentum/energy scale and resolution, on the Emiss
T
calculation, on the b-

tagging, and on the data-driven misidentified-lepton background. The last bin includes the overflow. For

illustration, the expected signal distribution is shown for the mUED model point with R = 900 GeV and

ΛR=40.
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(right) signal regions. The Standard Model expectation is derived from the fit. The uncertainty band on

the Standard Model expectation shown here combines the statistical uncertainty on the simulated event

samples and the theory-related uncertainties on the background with the systematic uncertainties on the

jet energy scale and resolution, on the lepton identification, momentum/energy scale and resolution, on

the Emiss
T
calculation, on the b-tagging, and on the data-driven misidentified-lepton background. The last

bin includes the overflow. For illustration, the expected signal distributions are shown for top squark pair

production with mt̃=300 GeV, mχ̃±
1
=120 GeV and mχ̃0
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=100 GeV (in the low-mass channel) and mt̃=450
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Figure 18: 95% CL exclusion limit from the soft dimuon channel in the mUED model, presented in the

1/R–ΛR plane. The dark grey dashed line shows the expected limits at 95% CL, with the light (yellow)
bands indicating the ±1σ variation on the median expected limit due to the experimental and background-
theory uncertainties. The observed nominal limit is indicated by a solid dark red line with the dark red

dotted lines being obtained by varying the signal cross section by the scale and PDF uncertainties. The

grey numbers show the upper limit on the production cross section, in pb, obtained for each point of the

grids.
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Minimal (SM + 1 extra dimension) UED
R = compactification scale
Λ = cutoff 



WW Excess
•  Measured σ(pp⟶W+W-) exceeds theory prediction for both 

CMS and ATLAS, at 7 TeV and 8 TeV
–  W, Z, WZ, ZZ rates ~agree with theory
–  Explanation from higher order corrections (to jet veto acceptance) [1-4]?
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WW Production 
Di-boson production: This should not be a problem for theory, no? 

Bizar:  all measurements so far gave a systematically higher value! 
          Less the case for ZZ and WZ as far as we can see…  

WW Production 
Di-boson production: This should not be a problem for theory, no? 

Bizar:  all measurements so far gave a systematically higher value! 
          Less the case for ZZ and WZ as far as we can see…  

ATLAS 7 TeV

CMS 7 TeV

CMS 8 TeV (3.5 fb-1)

Combining the three measurements, the measured total WW cross section is

s tot
WW = 71.4 +1.2

�1.2(stat) +5.0
�4.4(syst) +2.2

�2.1(lumi) pb,

where the statistical uncertainty is determined from a likelihood fit where all nuisance parameters are
fixed to their fitted values; the luminosity uncertainty is obtained by fixing the luminosity nuisance
parameter to ±1 standard deviation and finally the systematic uncertainty is obtained by the quadratic
difference of the total, statistical and luminosity uncertainties. The total uncertainty for the combined
total cross section is ⇠ 7.5%.
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CT10

MSTW2008

NNPDF2.3

ATLAS-epWZ12

ATLAS Preliminary
-1 Ldt = 20.3 fb∫

 = 8 TeVs
WW

Figure 7: Left: Comparison between predicted WW production cross section using CT10 PDF and the
measured cross section in eµ , ee, µµ and combined channels. The yellow and green shaded bands
represent the PDF and total theoretical uncertainties respectively. The filled symbols show the measured
total cross section with the statistical and total uncertainty. Right: Comparison between the measured
combined WW production cross section (red+blue line with gray shading) and the predictions using
different PDF sets. The filled symbols show the theoretical prediction with different PDF sets for the
total cross section with the statistical and total uncertainty.

The left hand side of Figure 7 shows the cross sections measured in the individual channels as well
as the combined cross section and compares them to the standard model prediction obtained using the
CT10 PDF. As can be seen, the individual channels are compatible within their uncertainties. All mea-
surements lie above the standard model prediction. The statistical significance of the observed enhance-
ment of the cross section is +2.1s for the e±µ⌥ channel, +1.1s for the e+e�channel and +1.3s for the
µ+µ�channel. The measured combined cross section differs from the SM prediction computed using
CT10 PDF by +2.1s using the standard PDF and scale uncertainties.

On the right hand side of Figure 7, the combined cross section is compared to theoretical predictions
obtained with different PDF sets, namely MSTW2008, CT10, NNPDF2.3 and ATLAS-epWZ12. The
predicted cross sections using different PDF sets can differ by up to 5%. This was already shown in
Table 3, where the predictions for different PDFs are listed. The choice of PDF can have an effect on the
total theoretical cross section ranging from +0.7% to +5% compared to the value obtained using CT10.

There are further effects that can enhance the measured cross section with regard to the SM pre-
diction. As already discussed in Section 2, various contributions to the total cross section have been
neglected here and might cause an increase of a few percent to the predicted cross section.
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[1] Baglio et al, “Massive gauge boson pair production at the LHC: a next-to-leading order story”
[2] Dawson et al, “Threshold Resummed and Approximate NNLO results for W+W- Pair Production at the LHC”
[3] Jaiswal and Okui, “An Explanation of the WW Excess at the LHC by Jet-Veto Resummation”
[4] Monni and Zanderighi, “On the excess in the inclusive W+W-⟶ℓ+ℓ-νν cross section”

+1.4σ

+1.0σ 

+1.7σ  

ATLAS 8 TeV ATLAS-CONF-2014-033

+2.0σ  



WW Excess

Feb 11, 2014 Chicagoland Workshop 15

[1] Curtin, Jaiswal, Meade, “Charginos Hiding in Plain Sight
[2] Curtin et. al, “Casting Light on BSM Physics with SM Standard Candles”
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Figure 10: Various distributions are shown for the same flavor (ee + µµ) channels for the selected WW
candidates. These are from top to bottom: The distributions of leading (left) and sub-leading lepton
pT (right), the distributions of the dilepton system pT (left) and Df(ll) (right) and the distributions
of mT (left) and pT (right) of the dilepton+Emiss

T system. The points represent data and the stacked
histograms the signal expectation and background estimates. The histogram shapes are MC-based except
for the W+jets background contribution, which is obtained from a data-driven method. The WW signal
contribution is scaled to match the measured cross section. The statistical and the total (stat � syst)
estimated uncertainties are indicated on the plots with a coloured band. The systematic uncertainties
include the total systematic uncertainties of the different backgrounds and the experimental uncertainties
on the signal.
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ATLAS 8 
TeV
WW scaled 
by ×1.21
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[3] Rolbiecki and Sakurai, “Light stops emerging in WW cross section measurements?”
[4] Kim et. al, “’Stop’ that ambulance! New physics at the LHC?”

•  The shapes agree, but the rates are high by ~20%:

•  Possible SUSY explanations [1-4] ⟶ light charginos, sleptons or stops?
ℓ

ℓ
ℓ 

ν  



Light Stops?

•  Possible explanation for WW, SUSY 3ℓ and soft 2ℓ excesses?
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!t1
!χ1
±, !χ2

0

!χ1
0

(a) ℓ̃L-mediated (b) τ̃L-mediated

(c) WZ-mediated (d) Wh-mediated

Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tan β, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2 <µ (M1 <µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2 <M1 <µ

(µ<M1 <M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tan β = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –

soft b

ℓ+ℓ-+ET
miss

⟶ WW and 
SUSY soft 2μ 
excesses?

soft b-jets (missed)

3ℓ+ET
miss ⟶ 

SUSY 3ℓ 
excess?

Kim et. al, “’Stop’ that ambulance! New physics at the LHC?”
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Extracting SUSY Particle Masses
•  Perform likelihood analysis of several CMS/ATLAS searches 
⟶ extract most likely SUSY particle masses

Feb 11, 2014 Chicagoland Workshop 17Figure 3. The distribution of �2 lnL as a function of the masses of the stop, mt̃1 , and lightest
neutralino, m�̃0

1
. All of the signal regions given in the W+W� measurements, di-lepton and tri-

lepton searches, table 1 are included in the fit. Also shown are the 95% CLs exclusion lines given
by the dedicated Atlas di-lepton [25], tri-lepton [24] and stop [28] searches.

fluctuation, one would expect the point to be ruled out in the forthcoming Lhc run at

14 TeV. The breakdown of signal regions with significant contributions from our model

point is given in table 3 of appendix A.

Finally we also note that at the best fit point our model has a mass di↵erence m�̃±
1 ,�̃0

2
�

m�̃0
1
⇠ 50 GeV. Consequently, our model contributes negligibly to W±Z0 measurements

since the invariant mass of the leptons produced in the �̃0

2

decay lies outside the normal

mass window defined for the Z0.

4.3 Combined analysis

One should already notice that the best-fit points for both t̃
1

t̃⇤
1

production and �̃±
1

�̃0

2

production lie very close and well within the 1-� regions. We therefore perform a combined

fit again as a function of m
˜t1 and m�̃0

1
whilst keeping the mass splitting m

˜t1 �m�̃±
1 ,�̃0

2
=

7 GeV.
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Study SR Obs Exp SM Best Best

s.d. fit exp fit s.d

Atlas W+W� (7 TeV) [5] Combined 1325 1219± 87 1.1-� 119 0.1-�

Cms W+W� (7 TeV) [7] Combined 1134 1076± 62 0.8-� 89 0.4-�

Cms W+W� (8 TeV) [6] Combined 1111 986± 60 1.8-� 83 0.6-�

Atlas Higgs WW CR 3297 3110± 186 0.9-� 374 0.9-�

[27] Higgs SR 3615 3288± 220 1.4-� 501 0.6-�

Atlas q̃ and g̃ Di-muon 7 1.7± 1 2.5-� 2.7 1.2-�

(1-2 `) [23]

Atlas Electroweak SR0⌧a01 36 23± 4 2.1-� 2.8 1.6-�

(3 `) [24] SR0⌧a06 13 6.6± 1.9 1.9-� 1.5 1.4-�

Table 2. Significant excesses present in the dataset under investigation. We give the signal region
(SR) of interest, the observed number of events (Obs), the expected number of events (Exp) along
with the associated systematic error. The SM standard deviation (s.d.) for each signal region is also
given along with the expected number of events for our model best fit and the associated standard
deviation. We only show the systematic error on the signal regions but the statistical errors are
also included in the fit.

The result is shown in figure 3 and we find the best fit point for our model to be,

m
˜t1 = 202+35

�25

GeV, (4.8)

m�̃0
1
= 140+25

�15

GeV. (4.9)

Comparing with the SM we find a reduction in the log-likelihood of 15.4 which corresponds

to 3.5-� once the extra degrees of freedom in the fit are considered. In table 2 we show

the breakdown of the di↵erent signal regions that display significant excesses and the

improvement in the standard deviation due to our model. We see that all the W+W�

measurements (including the Higgs) present a compelling improvement in the agreement

with data.

The di-lepton measurements dominate the fit and thus the improvement in the tri-

lepton signal regions is less stark. However, we still improve the compatibility with data

including a reduction in the standard deviation from 2.1-� ! 1.6-� for the signal region

‘SR0⌧a01’.

Another question one may ask is how does the fit quality change as the mass splitting

between the stop and chargino is increased? If we increase the mass splitting to 15 GeV

(compared to the 7 GeV presented), we find that the best fit point still has m
˜t1 = 202 GeV.

However, the minimum of the log-likelihood increases by ⇠ 1, since the direct stop searches

now become more sensitive to the model. This is due to the b-quark in the t̃
1

! b�̃±
1

decay

being harder and thus easier to reconstruct. As the mass di↵erence is increased more, we

expect the fit quality to deteriorate further.

– 12 –

m
!χ1
± =m !χ2

0 =m!t − 7 GeV

preferred 
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!t1
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ATLAS Stop 1ℓ Search
•  ATLAS 1ℓ stop search probes this 

model using ISR jet selection
•  Preferred region is excluded, but 

at edge of sensitivity

Feb 11, 2014 Chicagoland Workshop 18Figure 3. The distribution of �2 lnL as a function of the masses of the stop, mt̃1 , and lightest
neutralino, m�̃0

1
. All of the signal regions given in the W+W� measurements, di-lepton and tri-

lepton searches, table 1 are included in the fit. Also shown are the 95% CLs exclusion lines given
by the dedicated Atlas di-lepton [25], tri-lepton [24] and stop [28] searches.

fluctuation, one would expect the point to be ruled out in the forthcoming Lhc run at

14 TeV. The breakdown of signal regions with significant contributions from our model

point is given in table 3 of appendix A.

Finally we also note that at the best fit point our model has a mass di↵erence m�̃±
1 ,�̃0

2
�

m�̃0
1
⇠ 50 GeV. Consequently, our model contributes negligibly to W±Z0 measurements

since the invariant mass of the leptons produced in the �̃0

2

decay lies outside the normal

mass window defined for the Z0.

4.3 Combined analysis

One should already notice that the best-fit points for both t̃
1

t̃⇤
1

production and �̃±
1

�̃0

2

production lie very close and well within the 1-� regions. We therefore perform a combined

fit again as a function of m
˜t1 and m�̃0

1
whilst keeping the mass splitting m

˜t1 �m�̃±
1 ,�̃0

2
=

7 GeV.
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2ℓ + soft-b Analysis

•  Test for stops in WW cross 
section measurement

•  Difference between signal 
(stops) vs. bkg (WW) is 
presence of soft b-jets

•  Add requirement of ≥1 soft 
b-jet to WW-like selection

•  Need soft (pT ≳ 10 GeV)      
b-tagging ⟶ track-jets
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Figure 10: Various distributions are shown for the same flavor (ee + µµ) channels for the selected WW
candidates. These are from top to bottom: The distributions of leading (left) and sub-leading lepton
pT (right), the distributions of the dilepton system pT (left) and Df(ll) (right) and the distributions
of mT (left) and pT (right) of the dilepton+Emiss

T system. The points represent data and the stacked
histograms the signal expectation and background estimates. The histogram shapes are MC-based except
for the W+jets background contribution, which is obtained from a data-driven method. The WW signal
contribution is scaled to match the measured cross section. The statistical and the total (stat � syst)
estimated uncertainties are indicated on the plots with a coloured band. The systematic uncertainties
include the total systematic uncertainties of the different backgrounds and the experimental uncertainties
on the signal.
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Search Dataset Max Significance Reference
Dilepton mass edge CMS 8 TeV 2.6σ CMS-PAS-SUS-12-019
WW cross section CMS 7 TeV 1.0σ EPJC 73 2610 (2013)
WW cross section CMS 8 TeV 1.7σ PLB 721 (2013)
3ℓ+ET

miss electroweak SUSY CMS 8 TeV ~2σ EPJC 74 (2014) 3036
4ℓ+ET

miss electroweak SUSY (see backup) CMS 8 TeV ~3σ PRD 90, 032006 (2014)
Higgs⟶μ𝝉 (lepton flavor violation) CMS 8 TeV 2.5σ CMS-PAS-HIG-14-005
1st gen. leptoquarks (eejj / eνjj channels) CMS 8 TeV 2.6σ / 2.4σ  CMS-PAS-EXO-12-041
ttH with same-sign muons CMS 8 TeV μttH = 8.5+3.5 arXiv:1408.1682v1 [hep-ex]
Dijet resonance search CMS 8 TeV ~2σ arXiv:1501.04198 [hep-ex]
Heavy right-handed neutrinos CMS 8 TeV 2.8σ EPJC 74 (2014) 3149
3ℓ+ET

miss electroweak SUSY ATLAS 8 TeV 2.2σ PRD 90, 052001 (2014)
Soft 2ℓ+ET

miss strong SUSY ATLAS 8 TeV 2.3σ ATLAS-CONF-2013-062
WW cross section ATLAS 7 TeV 1.4σ PRD 87, 112001 (2013)
WW cross section ATLAS 8 TeV 2.0σ ATLAS-CONF-2014-033
Z+jets+ET

miss ATLAS 8 TeV 3.0σ arXiv:1503.03290 [hep-ex]
Monojet search ATLAS 8 TeV 1.7σ arXiv:1502.01518 [hep-x]
H➞h(bb)h(γγ) ATLAS 8 TeV 2.4σ arXiv:1406.5053 [hep-ex]
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16 8 Interpretation of results for supersymmetric scenarios
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Figure 9: Event diagram and a schematic superpartner mass spectrum for the GMSB stau-
(N)NLSP scenario.

and SM estimates in the four-or-more lepton, OSSF1, off-Z, th channels without b jets, noted in
Section 7.

8.4 Third-generation SMS scenario T1tttt

In the T1tttt simplified model spectra (SMS) scenario [46, 49], pair-produced gluinos each decay
to a top quark and a virtual top squark. The virtual top squark decays to a top quark and the
LSP, where the LSP is the lightest neutralino. Thus each gluino undergoes an effective three-
body decay to two top quarks and the LSP, yielding four top quarks in the final state. Each top
quark can potentially yield a b jet and a leptonically decaying W boson, leading to a multilepton
final state with b jets and Emiss

T . Because of the large number of jets, the HT value can be quite
large. An event diagram and schematic mass spectrum are shown in Fig. 10.
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Figure 10: Event diagram and a schematic superpartner mass spectrum for the SMS T1tttt
scenario.

The presence of four top quarks in the final state results in four b quarks and four W bosons.
The W-boson decays can produce up to four leptons with large Emiss

T . The SM background
is significantly reduced by requiring the presence of a b jet. This requirement represents an
improvement with respect to our analysis of the 7 TeV data [11]. Ours is the first study of the
T1tttt scenario in the multilepton channel.

Signal events for the T1tttt scenario are generated using MADGRAPH. The cross sections are
calculated at the NLO plus next-to-leading-logarithm (NLL) level [47, 50–53] with uncertainties
that vary between 23% and 27% [54].

CMS 3ℓ + τ Excess
•  SUSY multilepton (≥3ℓ) search
•  Categorize events based on lepton 

number and flavor, # OSSF pairs, 
Mℓℓ, nb-tags, ET

miss, and HT

•  1 category has:

•  But: 64 total categories
–  Probability that ≥1 category has as large 

a fluctuation ~50%
–  Probability for all bins in ≥1 category to 

have as large a fluctuation ~5% 
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ATLAS Cross-check
•  ATLAS multilepton analysis 

probes similar regions but 
doesn’t see any excesses
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FIG. 5. The Emiss
T and meff distributions for data and the estimated SM backgrounds, in signal regions (a)–(b) SR0noZa,

(c)–(d) SR1noZa, and (e)–(f) SR2noZa. The irreducible background is estimated from MC simulation while the reducible
background is estimated from data using the weighting method. Both the statistical and systematic uncertainties are included
in the shaded bands. In each panel the distribution for a relevant SUSY signal model is also shown, where the numbers in
parentheses indicate (mχ̃0

2,3
, mχ̃0

1
) for (a)–(b) and (e)–(f), or (mNLSP, mLSP) for (c)–(d), where all masses are in GeV.

VR1noZ:
3ℓ + τ, Z-veto
ET

miss < 50 GeV, meff < 400 GeV
Ndata = 7, Nbkg = 8.9 ± 1.8 

SR1noZ:
3ℓ + τ, Z-veto
ET

miss > 50 GeV
Ndata = 4, Nbkg = 4.6 ± 1.3 
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contain only a small fraction of the potential SUSY signal. Because of these requirements,
the CRs are not necessarily close to the SRs in terms of the main discriminating variables.
As described in Section 9, validation regions (VR), closer to the SRs than the CRs, are used
to verify the compatibility between data and MC. Figures 2–4 illustrate these concepts,
respectively for the soft-lepton, hard single-lepton and hard dilepton analyses.

6.1 Signal regions

The selection criteria used to define the various signal regions in this paper are summarised
in table 2 for the soft-lepton signal regions, in table 3 for the hard single-lepton signal
regions and in table 4 for the hard dilepton signal regions.

The soft and hard single-lepton signal regions are designed with lower jet multiplicities
to cover squark pair production and with higher jet multiplicities to cover gluino pair
production. The soft single-lepton channel focuses on models with a compressed mass
spectrum, with the 3-jet inclusive selection being defined to make the analysis sensitive to
squark pair production in the case where there is a large mass gap between the squark
and the LSP. The soft dimuon channel is optimised for mUED searches. The hard dilepton
channel targets gluino and first- and second-generation squark production, as well as mUED
searches; it is not designed to search for signal events in which a real Z boson is present. The
correspondence between the analysis channels and the various models probed is summarised
in table 5.

Single-bin (binned) soft single-lepton Soft dimuon

3-jet 5-jet 3-jet inclusive 2-jet

Nℓ 1 electron or muon 2 muons

pℓT[GeV] [7,25] for electron, [6,25] for muon [6,25]

Lepton veto No additional electron or muon with pT> 7 GeV or 6 GeV, respectively

mµµ [GeV] − − − [15,60]

Njet [3,4] ≥ 5 ≥ 3 ≥ 2

pTjet[GeV] > 180, 25, 25 > 180, 25, 25, 25, 25 > 130, 100, 25 > 80, 25

Nb−tag − − 0 0

Emiss
T [GeV] >400 >300 > 180

mT [GeV] > 100 >120 > 40

Emiss
T /mincl

eff > 0.3 (0.1) > 0.1 > 0.3

∆Rmin(jet, ℓ) > 1.0 − − > 1.0 (2nd muon)

Binned variable (Emiss
T /mincl

eff in 4 bins) −
Bin width (0.1, 4th is inclusive) −

Table 2. Overview of the selection criteria for the soft single-lepton and dimuon signal regions. For
each jet multiplicity in the single-lepton channel, two sets of requirements are defined, corresponding
to single-bin and binned signal regions (see the text at the end of Section 6.1). The requirements
of the binned signal region are shown in parentheses when they differ from those of the single-bin
signal region.

The following variables, derived from the kinematic properties of the objects, are used
in the event selection.

– 12 –

soft single-lepton soft dimuon

3-jet 5-jet 2-jet

Nℓ 1 (electron or muon) 2 (muons)

pℓT(GeV) [10,25] (electron) , [6,25] (muon) [6,25]

pT
add. ℓ (GeV) < 7 (electron), < 6 (muon)

mµµ (GeV) − − >15 and |mµµ − mZ | > 10
Njet [3,4] ≥ 5 ≥ 2
pT
leading jet(GeV) > 180 >70
pT
subleading jets( GeV) > 25

Nb−tag − − 0

EmissT (GeV) >400 >300 >170
mT (GeV) > 100 > 80
EmissT /m

incl
eff

> 0.3 −
∆Rmin(jet, ℓ) > 1.0 − > 1.0

Table 3: Overview of the selection criteria for the soft single-lepton signal regions aimed at covering

first and second generation squark or gluino pair production in a compressed scenario and for the soft

dimuon signal region designed for the mUED searches. As is indicated, the soft leptons are required to

have pT < 25 GeV.

inclusive (binned) hard single-lepton

3-jet 5-jet 6-jet

Nℓ 1 (electron or muon)

pℓT(GeV) > 25
pT
add. ℓ (GeV) < 10

Njet ≥ 3 ≥ 5 ≥ 6
pT
jet(GeV) > 80, 80, 30 > 80, 50, 40, 40, 40 > 80, 50, 40, 40, 40, 40
pT
add. jets( GeV) − (< 40) − (< 40) −

EmissT (GeV) >500 (300) >300 >350 (250)
mT (GeV) > 150 > 200 (150) > 150
EmissT /m

excl
eff

> 0.3 − −
mincl
eff
(GeV) > 1400 (800) > 600

Table 4: Overview of the selection criteria for the hard single-lepton signal regions aimed at covering first

and second generation squark or gluino pair production. As is indicated, the hard leptons are required

to have pT > 25 GeV. Two sets of requirements are defined for each jet multiplicity: an inclusive signal
region and a binned one (see the text). The requirements of the binned signal region are shown in

parentheses when they differ from those of the inclusive signal region. Furthermore, the electron and the

muon channels are treated independently in the hard single-lepton signal regions.
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soft single-lepton soft dimuon
3-jet 5-jet 2-jet

Observed events 7 9 7

Fitted background events 5.6 ± 1.6 14.8 ± 3.7 1.6 ± 1.0

Fitted tt̄ events 1.3 ± 1.0 7.8 ± 3.3 1.2 ± 1.0
FittedW+jets events 2.6 ± 0.7 2.1 ± 0.9 -
Fitted diboson events 0.6 ± 0.4 0.7 ± 0.4 0.4 ± 0.3
Fitted misidentified lepton events 0.00+0.05−0.00 3.3 ± 1.4 0.0+0.3−0.0
Fitted other background events 1.1 ± 0.5 0.9 ± 0.5 0.01+0.06−0.01

MC expected SM events 6.3 ± 1.9 15.9 ± 3.8 1.9 ± 1.2

MC expected tt̄ events 1.4 ± 1.1 7.8 ± 3.0 1.5 ± 1.2
MC expected W+jets events 3.1 ± 0.9 3.2 ± 0.9 -
MC expected diboson events 0.6 ± 0.4 0.7 ± 0.4 0.4 ± 0.3
data-driven misidentified lepton events 0.00+0.05−0.00 3.3 ± 1.4 0.0+0.3−0.0
MC expected other background events 1.1 ± 0.6 0.9 ± 0.4 0.01+0.06−0.01

Table 14: Background fit results for the soft single-lepton and soft dimuon signal regions, for an inte-

grated luminosity of 20.1 fb−1. Nominal MC expectations (normalized to MC cross-sections) are given
for comparison. Note that theW+jets component for the soft dimuon channel is included in the misiden-

tified lepton background. The uncertainties shown here combine the statistical uncertainty on the simu-

lated event samples with the systematic uncertainties.

binned hard single-lepton
3-jet 5-jet 6-jet

electron muon electron muon electron muon

Observed events 45 28 12 7 7 7

Fitted background events 46.4 ± 8.0 38.1 ± 5.8 12.2 ± 5.2 7.1 ± 1.6 9.7 ± 2.0 7.4 ± 1.7

Fitted tt̄ events 23.8 ± 6.4 20.0 ± 5.0 7.4 ± 3.3 5.6 ± 1.5 8.0 ± 1.9 5.6 ± 1.5
FittedW+jets events 15.4 ± 5.5 10.7 ± 4.0 3.1 ± 2.2 0.4 ± 0.4 0.1+0.2−0.1 0.3 ± 0.3
Fitted diboson events 4.4 ± 2.3 3.3 ± 1.7 0.9 ± 0.6 0.4 ± 0.2 0.5 ± 0.3 0.06 ± 0.03
Fitted misidentified lepton events 0.4+0.5−0.4 0.8+0.9−0.8 0.01+0.08−0.01 0.0+0.03−0.0 0.07+0.09−0.07 0.8+0.9−0.8
Fitted other background events 2.3 ± 0.8 3.3 ± 1.1 0.7 ± 0.3 0.6 ± 0.2 1.0 ± 0.3 0.6 ± 0.1

MC expected SM events 54.8 ± 10.3 43.0 ± 7.1 14.1 ± 6.3 7.0 ± 1.6 10.1 ± 1.9 7.9 ± 1.7

MC expected tt̄ events 23.3 ± 3.7 19.7 ± 2.6 7.1 ± 3.0 5.3 ± 1.2 8.4 ± 1.7 6.0 ± 1.3
MC expected W+jets events 24.4 ± 7.3 16.1 ± 5.1 5.3 ± 3.4 0.6 ± 0.5 0.2 ± 0.2 0.5 ± 0.5
MC expected diboson events 4.5 ± 2.3 3.4 ± 1.7 0.9 ± 0.6 0.4 ± 0.2 0.6 ± 0.3 0.07 ± 0.03
data-driven misidentified lepton events 0.4+0.5−0.4 0.8+0.9−0.8 0.01+0.08−0.01 0.0+0.03−0.0 0.07+0.09−0.07 0.8+0.9−0.8
MC expected other background events 2.1 ± 0.8 3.1 ± 1.2 0.8 ± 0.3 0.7 ± 0.2 1.0 ± 0.3 0.6 ± 0.2

Table 15: Background fit results for the binned hard single-lepton signal regions, for an integrated lumi-

nosity of 20.3 fb−1. Nominal MC expectations (normalized to MC cross-sections) are given for compar-
ison. The uncertainties shown here combine the statistical uncertainty on the simulated event samples

with the systematic uncertainties.
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Table 15: Background fit results for the binned hard single-lepton signal regions, for an integrated lumi-

nosity of 20.3 fb−1. Nominal MC expectations (normalized to MC cross-sections) are given for compar-
ison. The uncertainties shown here combine the statistical uncertainty on the simulated event samples

with the systematic uncertainties.
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ATLAS-CONF-2013-062 arXiv:1501.03555 [hep-ex]

Soft single-lepton Soft dimuon
3-jet incl. 3-jet 5-jet

Single-bin Binned Single-bin Binned

Observed events 34 7 8 11 19 6

Fitted background events 37.0± 6.3 7.5± 1.4 7.9± 1.6 15.9± 3.7 27.7± 6.7 6.0± 2.6

tt̄ 11.2± 4.7 2.0± 0.9 2.4± 1.1 8.5± 3.4 16.0± 6.4 1.8± 0.8
Other top quarks 1.4± 0.9 0.96± 0.31 1.0± 0.3 1.1± 0.4 1.6± 0.6 0.24± 0.14
V+jets 15.2± 2.8 2.9± 0.5 2.9± 0.5 2.6± 0.6 5.0± 1.2 0.28± 0.19
Diboson 5.1± 1.2 0.89± 0.36 0.91± 0.36 0.83± 0.50 1.3± 0.7 1.4± 0.5
Fake leptons 4.2± 1.9 0.75+0.78

−0.75 0.64+0.76
−0.64 2.9± 1.2 3.9± 1.7 2.3+2.4

−2.3

Expected background events before the fit 43.1 8.4 8.8 18.3 32.3 6.8

tt̄ 14.9 2.4 2.9 10.2 19.0 2.6
Other top quarks 1.4 0.96 1.0 1.1 1.6 0.24
V+jets 17.6 3.4 3.4 3.4 6.5 0.28
Diboson 5.1 0.89 0.91 0.83 1.3 1.4
Fake leptons 4.2 0.75 0.64 2.9 3.9 2.3

Table 13. Background fit results (top) for the soft single-lepton and soft dimuon signal regions, for
an integrated luminosity of 20.1 fb−1. The V+jets events contain W+jets and Z+jets events. The
background expectations before the fit (bottom) are given for comparison (see section 7 for a detailed
description of how each background source is estimated). The uncertainties shown here combine
the statistical uncertainty on the simulated event samples with the systematic uncertainties.

Hard single-lepton
3-jet 5-jet 6-jet

Single-bin Binned Single-bin Binned Single-bin Binned

Observed events 9 75 5 16 2 12

Fitted background events 8.5± 1.4 82.5± 7.2 7.3± 1.7 17.7± 4.0 4.9± 1.1 18.1± 4.3

tt̄ 2.2± 0.5 35.0± 6.2 4.8± 1.6 12.3± 4.1 3.7± 1.3 13.9± 4.7
Other top quarks 0.79± 0.35 7.6± 3.0 0.71 ± 0.18 2.1± 0.5 0.54 ± 0.18 1.7± 0.5
V+jets 2.5± 0.4 24.4± 3.6 0.80 ± 0.28 1.8± 0.6 0.5± 0.4 0.99± 0.80
Diboson 2.9± 1.0 14.3± 4.3 0.96 ± 0.69 1.5± 1.0 0.14 ± 0.07 0.70± 0.36
Fake leptons 0.09+0.15

−0.09 1.2+1.3
−1.2 0.00+0.01

−0.00 0.00+0.09
−0.00 0.00 ± 0.00 0.82+0.87

−0.82

Expected background events before the fit 10.1 104.4 9.5 23.2 6.2 22.3

tt̄ 3.1 49.3 6.5 16.5 4.5 17.3
Other top quarks 0.79 7.6 0.7 2.1 0.54 1.7
V+jets 3.3 32.0 1.3 3.1 1.0 1.9
Diboson 2.9 14.3 0.96 1.5 0.14 0.70
Fake leptons 0.09 1.2 0.00 0.00 0.00 0.82

Table 14. Background fit results (top) for the hard single-lepton signal regions, for an integrated
luminosity of 20.3 fb−1. The V+jets events contain W+jets and Z+jets events. The background
expectations before the fit (bottom) are given for comparison (see section 7 for a detailed description
of how each background source is estimated). The uncertainties shown here combine the statistical
uncertainty on the simulated event samples with the systematic uncertainties.
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Soft single-lepton Soft dimuon
3-jet incl. 3-jet 5-jet

Single-bin Binned Single-bin Binned

Observed events 34 7 8 11 19 6

Fitted background events 37.0± 6.3 7.5± 1.4 7.9± 1.6 15.9± 3.7 27.7± 6.7 6.0± 2.6

tt̄ 11.2± 4.7 2.0± 0.9 2.4± 1.1 8.5± 3.4 16.0± 6.4 1.8± 0.8
Other top quarks 1.4± 0.9 0.96± 0.31 1.0± 0.3 1.1± 0.4 1.6± 0.6 0.24± 0.14
V+jets 15.2± 2.8 2.9± 0.5 2.9± 0.5 2.6± 0.6 5.0± 1.2 0.28± 0.19
Diboson 5.1± 1.2 0.89± 0.36 0.91± 0.36 0.83± 0.50 1.3± 0.7 1.4± 0.5
Fake leptons 4.2± 1.9 0.75+0.78

−0.75 0.64+0.76
−0.64 2.9± 1.2 3.9± 1.7 2.3+2.4

−2.3

Expected background events before the fit 43.1 8.4 8.8 18.3 32.3 6.8

tt̄ 14.9 2.4 2.9 10.2 19.0 2.6
Other top quarks 1.4 0.96 1.0 1.1 1.6 0.24
V+jets 17.6 3.4 3.4 3.4 6.5 0.28
Diboson 5.1 0.89 0.91 0.83 1.3 1.4
Fake leptons 4.2 0.75 0.64 2.9 3.9 2.3

Table 13. Background fit results (top) for the soft single-lepton and soft dimuon signal regions, for
an integrated luminosity of 20.1 fb−1. The V+jets events contain W+jets and Z+jets events. The
background expectations before the fit (bottom) are given for comparison (see section 7 for a detailed
description of how each background source is estimated). The uncertainties shown here combine
the statistical uncertainty on the simulated event samples with the systematic uncertainties.

Hard single-lepton
3-jet 5-jet 6-jet

Single-bin Binned Single-bin Binned Single-bin Binned

Observed events 9 75 5 16 2 12

Fitted background events 8.5± 1.4 82.5± 7.2 7.3± 1.7 17.7± 4.0 4.9± 1.1 18.1± 4.3

tt̄ 2.2± 0.5 35.0± 6.2 4.8± 1.6 12.3± 4.1 3.7± 1.3 13.9± 4.7
Other top quarks 0.79± 0.35 7.6± 3.0 0.71 ± 0.18 2.1± 0.5 0.54 ± 0.18 1.7± 0.5
V+jets 2.5± 0.4 24.4± 3.6 0.80 ± 0.28 1.8± 0.6 0.5± 0.4 0.99± 0.80
Diboson 2.9± 1.0 14.3± 4.3 0.96 ± 0.69 1.5± 1.0 0.14 ± 0.07 0.70± 0.36
Fake leptons 0.09+0.15

−0.09 1.2+1.3
−1.2 0.00+0.01

−0.00 0.00+0.09
−0.00 0.00 ± 0.00 0.82+0.87

−0.82

Expected background events before the fit 10.1 104.4 9.5 23.2 6.2 22.3

tt̄ 3.1 49.3 6.5 16.5 4.5 17.3
Other top quarks 0.79 7.6 0.7 2.1 0.54 1.7
V+jets 3.3 32.0 1.3 3.1 1.0 1.9
Diboson 2.9 14.3 0.96 1.5 0.14 0.70
Fake leptons 0.09 1.2 0.00 0.00 0.00 0.82

Table 14. Background fit results (top) for the hard single-lepton signal regions, for an integrated
luminosity of 20.3 fb−1. The V+jets events contain W+jets and Z+jets events. The background
expectations before the fit (bottom) are given for comparison (see section 7 for a detailed description
of how each background source is estimated). The uncertainties shown here combine the statistical
uncertainty on the simulated event samples with the systematic uncertainties.
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