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Overview 
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Presenting a search for SUSY in final states with a leptonically decaying Z boson, at least two 
jets and missing transverse energy (MET). 

R-parity conservation 

Quarks from gluino and squark decays 
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Recent results from CMS: 
http://arxiv.org/abs/1502.06031   19.4 fb-1,  
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Abstract Two searches for supersymmetric par-1

ticles in final states containing a same-flavour op-2

posite-sign lepton pair, jets and large missing3

transverse momentum are presented. The proton–4

proton collision data used in these searches was5

collected at a centre-of-mass energy
p
s = 8 TeV6

by the ATLAS detector at the Large Hadron Col-7

lider and corresponds to an integrated luminosity8

of 20.3 fb�1. Two leptonic production mechanisms9

are considered: decays of squarks and gluinos with10

Z bosons in the final state, resulting in a peak in11

the dilepton invariant mass distribution around12

the Z-boson mass; and decays of neutralinos (e.g.13

�̃0
2 ! `+`��̃0

1), resulting in a kinematic endpoint14

in the dilepton invariant mass distribution. For15

the former, an excess of events above the expected16

Standard Model background is observed, with a17

significance of 3 standard deviations. In the lat-18

ter case, the data are well-described by the ex-19

pected Standard Model background. The results20

from each channel are interpreted in the context of21

several supersymmetric models involving the pro-22

duction of squarks and gluinos.23

1 Introduction24

Supersymmetry (SUSY) [1–9] is an extension to25

the Standard Model (SM) that introduces super-26

symmetric particles (sparticles), which di↵er by27

half a unit of spin from their SM partners. The28

squarks (q̃) and sleptons (˜̀) are the scalar part-29

ners of the quarks and leptons, and the gluinos30

(g̃) are the fermionic partners of the gluons. The31

charginos (�̃±
i with i = 1, 2) and neutralinos (�̃0

i32

with i = 1, 2, 3, 4) are the mass eigenstates (or-33

dered from the lightest to the heaviest) formed34

from the linear superpositions of the SUSY part-35

ners of the Higgs and electroweak gauge bosons.36

SUSY models in which the gluino, higgsino and37

top squark masses are not much higher than the38

TeV scale can provide a solution to the SM hier-39

archy problem [10–15].40

If strongly interacting sparticles have masses41

not higher than the TeV scale, they should be pro-42

duced with observable rates at the Large Hadron43

Collider (LHC). In the minimal supersymmetric44

extension of the SM, such particles decay into45

jets, possibly leptons, and the lightest sparticle46

(LSP). If the LSP is stable due to R-parity con-47

servation [15–19] and only weakly interacting, it48

escapes detection, leading to missing transverse49

momentum (pmiss
T and its magnitude Emiss

T ) in the50

final state. In this scenario, the LSP is a dark-51

matter candidate [20, 21].52

Leptons may be produced in the cascade de-53

cays of squarks and gluinos via several mecha-54

nisms. Here two scenarios that always produce55

leptons (electrons or muons) in same-flavour op-56

posite-sign (SFOS) pairs are considered: the lep-57

tonic decay of a Z boson, Z ! `+`�, and the58

decay �̃0
2 ! `+`��̃0

1, which includes contributions59

from �̃0
2 ! ˜̀±(⇤)`⌥ ! `+`��̃0

1 and �̃0
2 ! Z⇤�̃0

1 !60

`+`��̃0
1. In models with generalised gauge-mediated61

(GGM) supersymmetry breaking with a gravitino62

LSP (G̃), Z bosons may be produced via the de-63

cay �̃0
1 ! ZG̃. Z bosons may also result from the64
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Analysis is optimised towards general gauge mediated 
SUSY models (GGM) 
•  Gravitino LSP 
•  Prompt higgsino NLSP 
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Event selection 
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•  At least 2 isolated leptons 
•  At least 2 jets 
•  2 same-flavour opposite-sign (SFOS) 

leptons with 81<mll<101 GeV 
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On-Z Emiss
T HT njets m`` SF/DF Emiss

T sig. fST ��(jet12, E
miss
T )

Region [GeV] [GeV] [GeV] [
p

GeV]

Signal regions

SR-Z > 225 > 600 � 2 81 < m`` < 101 SF - - > 0.4

Control regions

Seed region - > 600 � 2 81 < m`` < 101 SF < 0.9 < 0.6 -
CReµ > 225 > 600 � 2 81 < m`` < 101 DF - - > 0.4
CRT > 225 > 600 � 2 m`` /2 [81, 101] SF - - > 0.4

Validation regions

VRZ < 150 > 600 � 2 81 < m`` < 101 SF - - -
VRT 150–225 > 500 � 2 m`` /2 [81, 101] SF - - > 0.4
VRTZ 150–225 > 500 � 2 81 < m`` < 101 SF - - > 0.4

Table 2 Overview of all signal, control and validation regions used in the on-Z search. More details are given in the
text. The Emiss

T

significance and the soft-term fraction f
ST

needed in the seed regions for the jet smearing method
are defined in Sect. 6.1. The flavour combination of the dilepton pair is denoted as either “SF” for same-flavour or
“DF” for di↵erent flavour.

O↵-Z Emiss
T njets nb-jets m`` SF/DF

Region [GeV] [GeV]

Signal regions

SR-2j-bveto > 200 � 2 = 0 m`` /2 [80, 110] SF
SR-2j-btag > 200 � 2 � 1 m`` /2 [80, 110] SF
SR-4j-bveto > 200 � 4 = 0 m`` /2 [80, 110] SF
SR-4j-btag > 200 � 4 � 1 m`` /2 [80, 110] SF
SR-loose > (150, 100) (2,� 3) - m`` /2 [80, 110] SF

Control regions

CRZ-2j-bveto > 200 � 2 = 0 80 < m`` < 110 SF
CRZ-2j-btag > 200 � 2 � 1 80 < m`` < 110 SF
CRZ-4j-bveto > 200 � 4 = 0 80 < m`` < 110 SF
CRZ-4j-btag > 200 � 4 � 1 80 < m`` < 110 SF
CRZ-loose > (150, 100) (2,� 3) - 80 < m`` < 110 SF

CRT-2j-bveto > 200 � 2 = 0 m`` /2 [80, 110] DF
CRT-2j-btag > 200 � 2 � 1 m`` /2 [80, 110] DF
CRT-4j-bveto > 200 � 4 = 0 m`` /2 [80, 110] DF
CRT-4j-btag > 200 � 4 � 1 m`` /2 [80, 110] DF
CRT-loose > (150, 100) (2,� 3) - m`` /2 [80, 110] DF

Validation regions

VR-o↵Z 100-150 = 2 - m`` /2 [80, 110] SF

Table 3 Overview of all signal, control and validation regions used in the o↵-Z analysis. For SR-loose, events with
two jets (at least three jets) are required to satisfy Emiss

T

> 150 (100) GeV. Further details are the same as in
Table 2.

Control regions are used for 
background estimations 

Validation regions are used to 
check background estimates 

Scalar sum of jet 
and lepton pT pT>35 GeV 



S
IG

N
A

L SE
LE

C
T

IO
N

 
Event selection 

29/04/2015 E. Kuwertz - Z+jets+MET 5 

� �

+0/+0

$�
��	�>1�1���
N

o
t

r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

8

On-Z Emiss
T HT njets m`` SF/DF Emiss

T sig. fST ��(jet12, E
miss
T )

Region [GeV] [GeV] [GeV] [
p

GeV]
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VRT 150–225 > 500 � 2 m`` /2 [81, 101] SF - - > 0.4
VRTZ 150–225 > 500 � 2 81 < m`` < 101 SF - - > 0.4

Table 2 Overview of all signal, control and validation regions used in the on-Z search. More details are given in the
text. The Emiss

T

significance and the soft-term fraction f
ST

needed in the seed regions for the jet smearing method
are defined in Sect. 6.1. The flavour combination of the dilepton pair is denoted as either “SF” for same-flavour or
“DF” for di↵erent flavour.

O↵-Z Emiss
T njets nb-jets m`` SF/DF

Region [GeV] [GeV]

Signal regions

SR-2j-bveto > 200 � 2 = 0 m`` /2 [80, 110] SF
SR-2j-btag > 200 � 2 � 1 m`` /2 [80, 110] SF
SR-4j-bveto > 200 � 4 = 0 m`` /2 [80, 110] SF
SR-4j-btag > 200 � 4 � 1 m`` /2 [80, 110] SF
SR-loose > (150, 100) (2,� 3) - m`` /2 [80, 110] SF

Control regions

CRZ-2j-bveto > 200 � 2 = 0 80 < m`` < 110 SF
CRZ-2j-btag > 200 � 2 � 1 80 < m`` < 110 SF
CRZ-4j-bveto > 200 � 4 = 0 80 < m`` < 110 SF
CRZ-4j-btag > 200 � 4 � 1 80 < m`` < 110 SF
CRZ-loose > (150, 100) (2,� 3) - 80 < m`` < 110 SF

CRT-2j-bveto > 200 � 2 = 0 m`` /2 [80, 110] DF
CRT-2j-btag > 200 � 2 � 1 m`` /2 [80, 110] DF
CRT-4j-bveto > 200 � 4 = 0 m`` /2 [80, 110] DF
CRT-4j-btag > 200 � 4 � 1 m`` /2 [80, 110] DF
CRT-loose > (150, 100) (2,� 3) - m`` /2 [80, 110] DF

Validation regions

VR-o↵Z 100-150 = 2 - m`` /2 [80, 110] SF

Table 3 Overview of all signal, control and validation regions used in the o↵-Z analysis. For SR-loose, events with
two jets (at least three jets) are required to satisfy Emiss

T

> 150 (100) GeV. Further details are the same as in
Table 2.
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Check 
extrapolation 

Measure 
background 
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Background estimation overview 
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Background Estimation method Generator

Fake leptons: 
Multi-jets
W → lnu
Z → nunu 
Single top 

Matrix method -

Matrix method -

Matrix Method -

DY/Z → ll Jet smearing Sherpa

ttbar Flavour-symmetry Powheg+Pythia 
Powheg+Jimmy 
Alpgen

Single top (Wt) Flavour-symmetry Powheg+Pythia 

WW Flavour-symmetry Powheg

WZ MC Powheg+Pythia8

ZZ MC Powheg+Pythia8

tt+W, tt+WW,
tt+Z, t+Z


MC MadGraph+Pythia

D
ata driven backgrounds 

M
C

 backgrounds 

Dominant 
backgrounds 

Instrumental  
MET 
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⌅ tt Z ! ⌧⌧

: µµ : µ = 1 : 1 : 2

⌅ µ µµ

Nee =
1

2
Neµ kee ↵

Nµµ =
1

2
Neµ kµµ ↵

⌅ kee, kµµ

kee =

s
Nee

Nµµ

, kµµ =

s
Nµµ

Nee

⌅ ↵

↵ =

q
✏ee ✏µµ

✏eµ

ttbar, Wt, WW, Z→tautau Flavour symmetric 

⌅ tt Z ! ⌧⌧

: µµ : µ = 1 : 1 : 2

⌅ µ µµ

Nee =
1

2
Neµ kee ↵

Nµµ =
1

2
Neµ kµµ ↵

⌅ kee, kµµ

kee =

s
Nee

Nµµ

, kµµ =

s
Nµµ

Nee

⌅ ↵

↵ =

q
✏ee ✏µµ

✏eµ

Estimation  
strategy 

 

Electron-muon channel  à same-flavour channel 

Estimate in SF 
channel 

Data e-mu channel 

Trigger efficiency 
scale factor 

Reconstruction 
efficiency scale factor 

Almost exclusively data-
driven method 
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“Flavour-symmetric” backgrounds 
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Reconstruction efficiency scale factors 

⌅ tt Z ! ⌧⌧

: µµ : µ = 1 : 1 : 2

⌅ µ µµ

Nee =
1

2
Neµ kee ↵

Nµµ =
1

2
Neµ kµµ ↵

⌅ kee, kµµ

kee =

s
Nee

Nµµ

, kµµ =

s
Nµµ

Nee

⌅ ↵

↵ =

q
✏ee ✏µµ

✏eµ

Use the number of events selected in Z 
dominated event samples in data 

Trigger efficiency scale factors 

⌅ tt Z ! ⌧⌧

: µµ : µ = 1 : 1 : 2

⌅ µ µµ

Nee =
1

2
Neµ kee ↵

Nµµ =
1

2
Neµ kµµ ↵

⌅ kee, kµµ

kee =

s
Nee

Nµµ

, kµµ =

s
Nµµ

Nee

⌅ ↵

↵ =

q
✏ee ✏µµ

✏eµ

Different channels use different triggers 
à need to account for this in efficiency correction 

Efficiency calculations 
checked 

MET 

HT Lepton pT 

eta 
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VRT 
(HT > 500 GeV) 

CRT 
(HT > 600 GeV) 

SR-Z 
(HT > 600 GeV) 

VRT 
(HT > 500 GeV) 

VRTZ 
(HT > 500 GeV) 

CRT 
(HT > 600 GeV) 

Fig. 3 Diagram indicating the position in the Emiss

T

versus dilepton invariant mass plane of SR-Z, the control
region CRT, and the two validation regions (VRT and VRTZ) used to validate the sideband fit for the on-Z search.
VRT and VRTZ have lower H

T

thresholds than CRT and SR-Z.

E
ve

n
ts

1

10

210

3
10

Data

Flavour Symmetric

* + jetsγZ/

Other Backgrounds

Total SM

-1=8 TeV, 20.3 fbs

ATLAS

Z-mass side band Z-mass window

CRT VRT VRT VRT VRTZ VRTZ VRTZ

to
t

σ
) 

/ 
e

xp
 -

 N
o

b
s

(N

-2

0

2

4 µµee+
ee

µµ

)
T

(high H )
miss

T
(high E )

T
(high H )

miss

T
(high E

Fig. 4 The observed and expected yields in CRT and the VRs in the Z boson mass sidebands (left) and the
Z boson mass window (right) regions. The bottom plot shows the di↵erence in standard deviations between the
observed and expected yields. The backgrounds due to WZ, ZZ or rare top processes, as well as from lepton fakes,
are included under “Other Backgrounds”.

6.2.2 Flavour-symmetric background in the o↵-Z870

search871

The background estimation method of Eq. (2) is872

extended to allow a prediction of the background873

dilepton mass shape, which is used explicitly to874

discriminate signal from background in the o↵-875

Z search. In addition to the k and ↵ correction876

factors, a third correction factor S(i) is introduced877

(where i indicates the dilepton mass bin):878

N est
ee (i) =

1

2
Ndata,corr

eµ (i)kee↵See(i),

N est
µµ (i) =

1

2
Ndata,corr

eµ (i)kµµ↵Sµµ(i). (4)

Normalise ttbar MC in Z side bands 
•  Alpgen+Pythia, Powheg+Pythia, Powheg

+Jimmy 

Cross check this cross check using 
identical regions at lower MET 
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resulting from the use of single global k factors,789

which provides a simpler but less precise estimate.790

In each case the k factors are close to 1.0, and the791

N est
ee or N est

µµ estimates obtained using k factors792

from each configuration are consistent with one793

another to within 0.2�.794

The flavour-symmetric background estimate was795

chosen as the nominal method prior to examin-796

ing the data yields in the signal region, since it797

relies less heavily on simulation and provides the798

most precise estimate. This data-driven method is799

cross-checked using the Z boson mass sidebands800

(m`` /2 [81, 101] GeV) to fit the tt̄ MC events to801

data in a top control region, CRT. The results are802

then extrapolated to the signal region in the Z803

boson mass window, as illustrated in Fig. 3. All804

other backgrounds estimated using the flavour-805

symmetry method are taken directly from MC806

simulation for this cross-check. Here, Z/�⇤ + jets807

MC events are used to model the small residual808

Z/�⇤+jets background in the control region, while809

the jet smearing method provides the estimate in810

the signal region. The normalisation of the tt̄ sam-811

ple obtained from the fit is 0.52 ± 0.12 times the812

nominal MC normalisation, where the uncertainty813

includes all experimental and theoretical sources814

of uncertainty as discussed in Sect. 7. This re-815

sult is compatible with observations from other816

ATLAS analyses, which indicate that MC simula-817

tion tends to overestimate data in regions domi-818

nated by tt̄ events accompanied by much jet ac-819

tivity [77, 78]. MC simulation has also been seen820

to overestimate contributions from tt̄ processes in821

regions with high Emiss
T [79]. In selections with822

high Emiss
T but including lower HT, such as those823

used in the o↵-Z analysis, this downwards scal-824

ing is less dramatic. The results of the cross-check825

using the Z boson mass sidebands are shown in826

Table 5, with the sideband fit yielding a predic-827

tion slightly higher than, but consistent with, the828

flavour-symmetry estimate. This test is repeated829

varying the MC simulation sample used to model830

the tt̄ background. The nominal Powheg+Pythia831

tt̄ MC sample is replaced with a sample using832

Alpgen, and the fit is performed again. The same833

test is performed using a Powheg tt̄ MC sam-834

ple that uses Herwig, rather than Pythia, for835

the parton shower. In all cases the estimates are836

found to be consistent within 1�. This cross-check837

using tt̄ MC events is further validated in identi-838

cal regions with intermediate Emiss
T (150 < Emiss

T839

< 225 GeV) and slightly looser HT requirements840

(HT > 500 GeV), as illustrated in Fig. 3. Here the841

extrapolation in m`` between the sideband region842

(VRT) and the on-Z region (VRTZ) shows con-843

sistent results within approximately 1� between844

data and the fitted prediction.845

Signal Flavour-symmetry Sideband fit
region

SR-Z ee 2.8± 1.4 4.9± 1.5

SR-Z µµ 3.3± 1.6 5.3± 1.9

Table 5 The number of events for the flavour-
symmetric background estimate in the on-Z signal re-
gion (SR-Z) using the data-driven method based on
data in CReµ. This is compared with the prediction for
the sum of the flavour-symmetric backgrounds (WW ,
tW , tt̄ and Z ! ⌧⌧) from a sideband fit to data in
CRT. In each case the combined statistical and sys-
tematic uncertainties are indicated.

The flavour-symmetry method is also tested846

in these VRs. An overview of the nominal back-847

ground predictions, using the flavour-symmetry848

method, in CRT and these VRs is shown in Fig. 4.849

This summary includes CRT, VRT, VRTZ and850

two variations of VRT and VRTZ. The first varia-851

tion, denoted VRT/VRTZ (highHT), shows VRT/852

VRTZ with an increased HT threshold (HT >853

600 GeV), which provides a sample of events very854

close to the SR. The second variation, denoted855

VRT/VRTZ (high Emiss
T ), shows VRT/ VRTZ with856

the same Emiss
T cut as SR-Z, but the requirement857

400 < HT < 600 GeV is added to provide a sam-858

ple of events very close to the SR. In all cases the859

data are consistent with the prediction. GGM sig-860

nal processes near the boundary of the expected861

excluded region are expected to contribute little862

to the normalisation regions, with contamination863

at the level of up to 4 % in CRT and 3 % in VRT.864

The corresponding contamination in VRTZ is ex-865

pected to be ⇠ 10 % across most of the relevant866

parameter space, increasing to a maximum value867

of ⇠50 % in the region near m(g̃) = 700 GeV,868

µ = 200 GeV.869
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VRT 
(HT > 500 GeV) 

CRT 
(HT > 600 GeV) 

SR-Z 
(HT > 600 GeV) 

VRT 
(HT > 500 GeV) 

VRTZ 
(HT > 500 GeV) 

CRT 
(HT > 600 GeV) 

Fig. 3 Diagram indicating the position in the Emiss

T

versus dilepton invariant mass plane of SR-Z, the control
region CRT, and the two validation regions (VRT and VRTZ) used to validate the sideband fit for the on-Z search.
VRT and VRTZ have lower H

T

thresholds than CRT and SR-Z.
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Fig. 4 The observed and expected yields in CRT and the VRs in the Z boson mass sidebands (left) and the
Z boson mass window (right) regions. The bottom plot shows the di↵erence in standard deviations between the
observed and expected yields. The backgrounds due to WZ, ZZ or rare top processes, as well as from lepton fakes,
are included under “Other Backgrounds”.

6.2.2 Flavour-symmetric background in the o↵-Z870

search871

The background estimation method of Eq. (2) is872

extended to allow a prediction of the background873

dilepton mass shape, which is used explicitly to874

discriminate signal from background in the o↵-875

Z search. In addition to the k and ↵ correction876

factors, a third correction factor S(i) is introduced877

(where i indicates the dilepton mass bin):878

N est
ee (i) =

1

2
Ndata,corr

eµ (i)kee↵See(i),

N est
µµ (i) =

1

2
Ndata,corr

eµ (i)kµµ↵Sµµ(i). (4)

Consistent results from cross-checks 
Good agreement in validation regions 

Flavour-symmetry method also checked! 
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as the fraction of the total Emiss
T in an event orig-683

inating from calorimeter energy deposits not as-684

sociated with a calibrated lepton or jet (fST =685 P
Emiss, Soft

T /Emiss
T ), to select events with small686

fST. This is useful because it is events with low687

soft-term fractions (fST < 0.6) that tend to lead688

to large values of fake Emiss
T .689

The requirements on the Emiss
T significance and690

fST are initially optimised by applying the jet691

smearing method to Z/�⇤ + jets MC events and692

testing the agreement in the Emiss
T spectrum be-693

tween direct and smeared MC events in the VRZ.694

This closure test is performed using the response695

function derived from MC simulation.696

The Z/�⇤+jets background predominantly comes697

from events where a single jet is grossly mismeas-698

ured, since the mismeasurement of additional jets699

is unlikely, and can lead to smearing that reduces700

the total Emiss
T . The requirement on the opening701

angle in � between either of the leading two jets702

and the Emiss
T , ��(jet1,2, E

miss
T ) > 0.4, strongly703

suppresses this background. The estimate of the704

Z/�⇤ + jets background is performed both with705

and without this requirement, in order to aid in706

the interpretation of the results in the SR, as de-707

scribed in Sect. 8. The optimisation of the Emiss
T708

significance and fST requirements are performed709

separately with and without the requirement, al-710

though the optimal values are not found to di↵er711

significantly.712

The jet smearing method using the data-cor-713

rected jet response function is validated in VRZ,714

comparing smeared pseudo-data to data. The re-715

sulting Emiss
T distributions show agreement within716

uncertainties assessed based on varying the re-717

sponse function and the Emiss
T significance require-718

ment in the seed region. The Emiss
T distribution in719

VRZ, with the additional requirement ��(jet1,2,720

Emiss
T ) > 0.4, is shown in Fig. 2. Here the Emiss

T721

range extends only up to 100 GeV, since tt̄ events722

begin to dominate at higher Emiss
T values. The723

pseudo-data to data agreement in VRZ motivates724

the final determination of the Emiss
T significance725

requirement used for the seed region (Emiss
T sig. <726

0.9). Backgrounds containing real Emiss
T , including727

tt̄ and diboson production, are taken from MC728

simulation for this check. The chosen values are729

detailed in Table 2 with a summary of the kine-730

matic requirements imposed on the seed and Z731

validation region. Extrapolating the jet smearing732

estimate to the signal regions yields the results de-733

tailed in Table 4. The data-driven estimate is com-734

patible with the MC expectation that the Z+jets735

background contributes significantly less than one736

event in SR-Z.737

Signal region Jet-smearing Z+jets MC

SR-Z ee 0.05± 0.04 0.05± 0.03

SR-Z µµ 0.02+0.03
�0.02 0.09± 0.05

Table 4 Number of Z/�⇤ + jets background events es-
timated in the on-Z signal region (SR-Z) using the jet
smearing method. This is compared with the prediction
from the Sherpa MC simulation. The quoted uncertain-
ties include those due to statistical and systematic ef-
fects (see Sect. 7).

6.2 Estimation of the flavour-symmetric738

backgrounds739

The dominant background in the signal regions740

is tt̄ production, resulting in two leptons in the741

final state, with lesser contributors including the742

production of dibosons (WW ), single top quarks743

(Wt) and Z bosons that decay to ⌧ leptons. For744

these the so-called “flavour-symmetry” method can745

be used to estimate, in a data-driven way, the con-746

tribution from these processes in the same-flavour747

channels using their measured contribution to the748

di↵erent-flavour channels.749

6.2.1 Flavour-symmetric background in the on-Z750

search751

The flavour-symmetry method uses a control re-752

gion, CReµ in the case of the on-Z search, which753

is defined to be identical to the signal region, but754

in the di↵erent-flavour eµ channel. In CReµ, the755

expected contamination due to GGM signal pro-756

cesses of interest is < 3 %.757

The number of data events observed (Ndata
eµ )758

in this control region is corrected by subtract-759

ing the expected contribution from backgrounds760

that are not flavour symmetric. The background761

with the largest impact on this correction is that762

due to fake leptons, with the estimate provided by763

the matrix method, described in Sect. 6.3, being764

used in the subtraction. All other contributions,765

Results are consistent 
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Fig. 2 Distribution of Emiss

T

in the electron (left) and muon (right) channel in VRZ of the on-Z analysis following
the requirement of ��(jet

1,2, E
miss

T

) > 0.4. Here the Z/�⇤ +jets background (solid blue) is modelled using p
T

- and
�-smeared pseudo-data events. The hatched uncertainty band includes the statistical uncertainty on the simulated
event samples and the systematic uncertainty on the jet-smearing estimate due to the jet response function and the
seed selection. The backgrounds due to WZ, ZZ or rare top processes, as well as from lepton fakes, are included
under “Other Backgrounds”.

which include WZ, ZZ, tZ and tt̄ +W (W )/Z766

processes, are taken directly from MC simulation.767

This corrected number, Ndata,corr
eµ , is related to768

the expected number in the same-flavour chan-769

nels, N est
ee/µµ, by the following relations:770

N est
ee =

1

2
Ndata,corr

eµ kee↵,

N est
µµ =

1

2
Ndata,corr

eµ kµµ↵, (2)

where kee and kµµ are electron and muon selection771

e�ciency factors and ↵ accounts for the di↵erent772

trigger e�ciencies for same-flavour and di↵erent-773

flavour dilepton combinations. The selection ef-774

ficiency factors are calculated using the ratio of775

dielectron and dimuon events in VRZ according776

to:777

kee =

s
Ndata

ee (VRZ)

Ndata
µµ (VRZ)

,

kµµ =

s
Ndata

µµ (VRZ)

Ndata
ee (VRZ)

,

↵ =

q
✏eetrig✏

µµ
trig

✏eµtrig
, (3)

where ✏eetrig, ✏µµtrig and ✏eµtrig are the e�ciencies of778

the dielectron, dimuon and electron–muon trigger779

configurations, respectively, and Ndata
ee(µµ)(VRZ) is780

the number of ee (µµ) data events in VRZ. These781

selection e�ciency factors are calculated separately782

for the cases where both leptons fall within the783

barrel, both fall within the endcap regions, and784

for barrel–endcap combinations. This is motivated785

by the fact that the trigger e�ciencies di↵er in the786

central and more forward regions of the detector.787

This estimate is found to be consistent with that788

Jet smearing tested on data 
in Z validation region 

MC closure test applying 
jet smearing to Z+jets MC 



F
A

K
E LE

PT
O

N
 B

A
C

K
G

R
O

U
N

D
 

Fake leptons  

29/04/2015 12 E. Kuwertz - Z+jets+MET 

q

q̄

W+

b̄

b

t

ℓ+

ν̄ℓ

“Fake” lepton background: 
•  lepton from heavy flavour decay, 
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These shape correction factors account for di↵er-879

ent reconstructed dilepton mass shapes in the ee,880

µµ, and eµ channels, which result from two e↵ects.881

First, the o✏ine selection e�ciencies for electrons882

and muons depend di↵erently on the lepton pT883

and ⌘. For electrons, the o✏ine selection e�ciency884

increases slowly with pT, while it has very little885

dependence on pT for muons. Second, the combi-886

nations of single-lepton and dilepton triggers used887

for the ee, µµ, and eµ channels have di↵erent ef-888

ficiencies with respect to the o✏ine selection. In889

particular, for eµ events there is a 20 % ine�-890

ciency at low m``, which is not present in the ee891

and µµ channels. To correct for these two e↵ects,892

tt̄MC simulation is used. The dilepton mass shape893

in the ee or µµ channel is compared to that in the894

eµ channel, after scaling the latter by the ↵- and895

k-factor trigger and lepton selection e�ciency cor-896

rections. The ratio of the dilepton mass distribu-897

tions, Nee(m``)/Neµ(m``) or Nµµ(m``)/Neµ(m``),898

is fitted with a second-order polynomial, which is899

then applied as a correction factor, along with ↵900

and k, to the eµ distribution in data. These cor-901

rection factors have an impact on the predicted902

background yields of approximately a few percent903

in the ee channel and ⇠10–15 % in the µµ channel,904

depending on the signal region.905

The background estimation methodology is val-906

idated in a region with exactly two jets and 100 <907

Emiss
T < 150 GeV(VR-o↵Z). The flavour-symmetric908

category contributes more than 95 % of the to-909

tal background in this region. The dominant sys-910

tematic uncertainty on the background prediction911

is the 6 % uncertainty on the trigger e�ciency912

↵-factor. The observed dilepton mass shapes are913

compared to the SM expectations in Fig. 5, indi-914

cating consistency between the data and the ex-915

pected background yields. The observed yields and916

expected backgrounds in the below-Z and above-917

Z regions are presented in Appendix A. For sig-918

nal models near the edge of the sensitivity of this919

analysis, the contamination from signal events in920

VR-o↵Z is less than 3 %.921

6.3 Fake-lepton contribution922

Events from W ! `⌫+jets, semileptonic tt̄ and923

single top (s- and t-channel) contribute to the924

background in the dilepton channels due to “fake”925

leptons. These include leptons from b-hadron de-926

cays, misidentified hadrons or converted photons,927

and are estimated from data using a matrix method,928

which is described in detail in Ref. [80]. This method929

involves creating a control sample using baseline930

leptons, thereby loosening the lepton isolation and931

identification requirements and increasing the prob-932

ability of selecting a fake lepton. For each control933

or signal region, the relevant requirements are ap-934

plied to this control sample, and the number of935

events with leptons that pass or fail the subse-936

quent signal-lepton requirements are counted. De-937

noting the number of events passing signal lepton938

requirements by Npass and the number failing by939

Nfail, the number of events containing a fake lep-940

ton for a single-lepton selection is given by941

Nfake =
Nfail � (1/✏real � 1)Npass

(1/✏fake � 1/✏real)
, (5)

where ✏fake is the e�ciency with which fake lep-942

tons passing the baseline lepton selection also pass943

signal lepton requirements and ✏real is the relative944

identification e�ciency (from baseline to signal945

lepton selection) for real leptons. This principle946

is expanded to a dilepton sample using a four-947

by-four matrix to account for the various possible948

real–fake combinations for the two leading leptons949

in the event.950

The e�ciency for fake leptons is estimated in951

control regions enriched with multi-jet events. Events952

are selected if they contain at least one baseline953

lepton, one signal jet with pT > 60 GeV and low954

Emiss
T (<30 GeV). The background due to pro-955

cesses containing prompt leptons, estimated from956

MC samples, is subtracted from the total data957

contribution in this region. From the resulting data958

sample the fraction of events in which the base-959

line leptons pass signal lepton requirements gives960

the fake e�ciency. This calculation is performed961

separately for events with b-tagged jets and those962

without to take into account the various sources963

from which fake leptons originate. The real-lepton964

e�ciency is estimated using Z ! `+`� events in a965

data sample enriched with leptonically decaying Z966

bosons. Both the real-lepton and fake-lepton e�-967

ciencies are further binned as a function of pT and968

⌘.969

Number of 
leptons passing 

isolation 

Number of 
leptons failing 

isolation 

Relative 
identification 
efficiency for 
real leptons 

Relative 
identification 
efficiency for 
fake leptons 

The matrix method 
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Fig. 6 The dilepton mass (top) and Emiss

T

(bottom) distributions for the electron (left) and muon (right) channel
in the on-Z SRs after having applied the requirement ��(jet

1,2, E
miss

T

) > 0.4. All uncertainties are included in the
hatched uncertainty band. Two example GGM (tan� = 1.5) signal models are overlaid. For the Emiss

T

distributions,
the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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Channel SR-Z ee SR-Z µµ SR-Z same-flavour
combined

Observed events 16 13 29

Expected background events 4.2± 1.6 6.4± 2.2 10.6± 3.2

Flavour-symmetric backgrounds 2.8± 1.4 3.3± 1.6 6.0± 2.6
Z/�⇤ + jets (jet-smearing) 0.05± 0.04 0.02+0.03

�0.02 0.07± 0.05
Rare top 0.18± 0.06 0.17± 0.06 0.35± 0.12
WZ/ZZ diboson 1.2± 0.5 1.7± 0.6 2.9± 1.0
Fake leptons 0.1+0.7

�0.1 1.2+1.3
�1.2 1.3+1.7

�1.3

Table 7 Results in the on-Z SRs (SR-Z). The flavour symmetric, Z/�⇤ + jets and fake-lepton background compo-
nents are all derived using data-driven estimates described in the text. All other backgrounds are taken from MC
simulation. The displayed uncertainties include the statistical and systematic uncertainty components combined.

and above-Z regions for SR-2j-bveto, SR-4j-bveto,1177

and SR-loose are presented in Tables 8, 9, and1178

10, respectively. Corresponding results for SR-2j-1179

btag and SR-4j-btag are presented in Appendix1180

A. The data are consistent with the expected SM1181

backgrounds in all regions. In the SR-loose re-1182

gion with 20 < m`` < 70 GeV, in which the1183

CMS Collaboration observed a 2.6� excess, 11331184

events are observed, compared to an expectation1185

of 1190± 40± 70 events.1186

3 sigma 

An excess of events is observed in the signal regions 

Excess more apparent in 
dielectron channel 

1-- 

2 --  
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CMS search: 
-  2 x 3 SRs binned in MET 
-  No direct HT cut 

100-200 GeV 
200-300 GeV 
300+ GeV 
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Limits set on GGM models are weaker 
than expected 

Exclude up to m(gluino) = 900 GeV 
and mu = 1000 GeV  

Exclude up to m(gluino) = 850 GeV 
and mu = 900 GeV  
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•  ATLAS search for SUSY in final states with a Z boson, jets and MET presented. 
 
•  A 3 sigma deviation from the Standard Model expectation was observed. 
 
•  CMS reports good agreement with expectation in the same final state – but phase 

space cuts are different. 
 
•  Something to look out for in Run II. 


