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visible matter

Galactic scales:  
rotation velocities of stars in galaxies does 
not follow expectation

Cluster scales:  
gravitational lensing shows displacement 
of visible matter (red) and gravitational 
centre (blue)

  Chandra X-Ray Observatory: 1E 0657-56

Cosmological scales:  
Large-scale structure formation only 
successfully described with dark matter 
component Assumption of particle dark matter 

generally leads to good description of 
phenomena on all different scales
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… at a collider
• No DM interaction with the detector → missing ET signatures 

• Initial-state radiation (ISR) (can be jets, photons, W, Z, …) 

• Associated DM production with heavy quarks 

• Direct coupling to DM (e.g. mono-Higgs)
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The ATLAS Detector
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Monojet Analysis

SM DM

SM DM

Jet

Eur. Phys. J. C 75, no. 7, 299 (2015)
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Analysis Overview
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Monojet is generally the most sensitive ISR channel (highest cross section)

• Selection based on large ETmiss, high-pT jet(s) from initial state radiation and veto on other 
objects, such as leptons
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large  
ETmiss

nothing else
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lower ETmiss 
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and 700 GeV 
define signal 
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Monojet is generally the most sensitive ISR channel (highest cross section)

• Selection based on large ETmiss, high-pT jet(s) from initial state radiation and veto on other 
objects, such as leptons

high-pT jet(s)

large  
ETmiss

nothing else

Challenge: estimate irreducible background from Z(→ 𝜈𝜈) + jets

Z

𝜈

𝜈

leading jet pT > 120 GeV

veto on leptons and isolated tracks

lower ETmiss 
thresholds 

between 150 
and 700 GeV 
define signal 

regions
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Veto on isolated tracks
• Reduces backgrounds with missed leptons and hadronically decaying taus 

• Performance: efficiency ~ 97% for DM signal and Z(→ 𝜈𝜈),  
50 - 70% for other backgrounds, systematic effect on background estimate < 1% 

First dedicated optimisation of sensitivity to DM signals
• signal events prefer higher event scale, therefore number of jets is higher  

than in backgrounds 

• As a consequence, leading jet pT and ETmiss are less balanced 

→ inclusive number of jets & asymmetric jet pT/ETmiss cuts

Improvements

8

R=0.4

✔
R=0.4

✘

track of interest 
track above 3 GeV
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Results
largest deviation: 1.7 σ in highest-ETmiss signal region

9
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Interpretation

EFT validity:
G. Busoni, A. De Simone,  
JG, E. Morgante, A. Riotto

JCAP 1406:060, 2014

Simplified Model Study:
A.J. Brennan, M.F. McDonald, 

JG, T.D. Jacques
JHEP05(2016)112
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DM Effective Field Theory
LHC results were interpreted in effective field  
theory (EFT) models

• “Ignore” parts of model that should not affect observations  
→ as general as possible 

• Justified only, if energy scale well below new  
physics (Qtrans ≪ mMed)
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EFT approach questionable  
at the LHC!
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Simplified Models
Need to move to simplified models

• Construct simple model with DM, a mediator and one interaction:  
more complete, but less general → more parameters 

Reinterpretation of monojet, mono-Z(→ℓℓ) and mono-W/Z(→qq)  
analyses performed within 3 simplified models

Conclusions: searches could profit from dedicated optimisation for  
simplified models, especially in low ETmiss region

12

SM DM

SM DM

ISR

?

}
JHEP05(2016)112
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How to do comparisons?
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EFT mostly not valid
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SPS and ÖPG Joint Annual Meeting 2017, Johanna Gramling

How to do comparisons?

13

“Famous” plot, criticised a lot because 
EFT mostly not valid

collider limits direct detection results
Eur. Phys. J. C (2015) 75:299

“fairer” comparison possible with Simplified 
Models possible, but more parameters

direct detection result
JHEP05(2016)112
JHEP05(2016)112



SPS and ÖPG Joint Annual Meeting 2017, Johanna Gramling

How to do comparisons?

13

Lots of progress in DM@LHC community: simplified models well established 
→ comparisons have less question marks now

“Famous” plot, criticised a lot because 
EFT mostly not valid

collider limits direct detection results
Eur. Phys. J. C (2015) 75:299

“fairer” comparison possible with Simplified 
Models possible, but more parameters

direct detection result
JHEP05(2016)112
JHEP05(2016)112
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Dark Matter + top quarks

ATLAS-CONF-2016-050
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Motivation
Theoretical motivation: Yukawa-like couplings  
between spin-0 mediator and SM quarks:  
stronger couplings to heavier quarks 
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(*) Also result on DM + bb was released for ICHEP

• Searches for stops and DM+tt share the same  
final state: tt + ETmiss → analyses performed  
together 

• ATLAS stop 0L, 1L and 2L results all  
had DM interpretation (*) 

• I worked on 1L channel → presented in  
the following
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between spin-0 mediator and SM quarks:  
stronger couplings to heavier quarks 

15

(*) Also result on DM + bb was released for ICHEP

• Searches for stops and DM+tt share the same  
final state: tt + ETmiss → analyses performed  
together 

• ATLAS stop 0L, 1L and 2L results all  
had DM interpretation (*) 

• I worked on 1L channel → presented in  
the following

4 jets (thereof 2 b-jets), ETmiss, 1 lepton (e or µ)
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Discriminating Variables
• Especially useful for DM regions,  

selects specific event topologies:  
 
𝛥𝜙min(ETmiss, jets) 

• Transverse mass mT, reconstructs mass 
of leptonically decaying W boson:

16

ETmiss

jet
𝛥𝜙
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DM Signal Regions

17

DM_high

Maximal coupling (g~3.5),  
high-mass mediator (Mmed = 350 GeV)

DM_low

Natural coupling (g~1),  
low-mass mediator (Mmed = 100 GeV)

most important variables: 
ETmiss, 𝛥𝜙min 

largest backgrounds:  
ttbar (2L, 1L1𝜏) (33%), W+jets (31%), tt+Z (23%)

most important variables: 
ETmiss, 𝛥𝜙min and mT 

largest backgrounds:  
ttbar (2L, 1L1𝜏) (31%), tt+Z (30%)
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Background Estimation

18

• construct background-
enriched control region (CR) 

• extrapolate over few key 
variables, constrain MC 
normalisation in signal 
region (SR) 

• check extrapolation in 
validation region (VR) 

Non-canonical VRs 
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ttbar CRs/VRs 

W+jets CRs/VRs 

Single top CR 

tt+𝛾 CR for tt+Z: require photon,  
treat as invisible for ETmiss, mT, HTmisssig
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enriched control region (CR) 
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Background Estimation

18

ttbar CRs/VRs 

W+jets CRs/VRs 

Single top CR 

Use simultaneous fit of all CRs to obtain final results

tt+𝛾 CR for tt+Z: require photon,  
treat as invisible for ETmiss, mT, HTmisssig

• construct background-
enriched control region (CR) 

• extrapolate over few key 
variables, constrain MC 
normalisation in signal 
region (SR) 

• check extrapolation in 
validation region (VR) 

Non-canonical VRs 
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Results

Reasonable agreement with prediction in validation regions

Excess in 3 signal regions (regions are not orthogonal)

• Largest in DM_low: 3.3 σ

19
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Distributions in DM SRs

20

DM_lowDM_high

No striking features observed Excess tends to small mT, small ETmiss

mT > 220 GeV 
ETmiss > 330 GeV

𝛥𝜙min(ETmiss, jets) > 0.8

mT > 120 GeV 
ETmiss > 300 GeV 

𝛥𝜙min(ETmiss, jets) > 1.4
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Interpretation
Use simplified model of DM pair production

Present limits for g = g𝛘 = gq = 3.5 → maximal coupling that still (kind 
of) makes sense

• Exclusion contour for g=1 not meaningful (yet) 

• On-shell/off-shell features visible in m𝛘 - Mmed plane

21
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Updated Results
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Monojet

improved statistics 
in ETmiss tail 

interpretation: 
simplified model

ATLAS-CONF-2017-060
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Monojet DM + tops

Excess not 
confirmed 

sensitivy to 
natural coupling 

(g=1)

ATLAS-CONF-2017-037ATLAS-CONF-2017-060
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Conclusions
Effective field theories of dark matter production not suited for interpreting LHC results  

→ simplified models necessary

Monojet search improved by dark matter optimisation and track veto

Dark matter + tops analysis sensitive to (pseudo-) scalar mediators

24
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Interesting times ahead!
more data to come, better statistics allows to improve analyses further 

test theory ideas beyond “simple” WIMP picture:  
complex dark sectors → more complex and challenging signatures
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Conclusions
Effective field theories of dark matter production not suited for interpreting LHC results  

→ simplified models necessary

Monojet search improved by dark matter optimisation and track veto

Dark matter + tops analysis sensitive to (pseudo-) scalar mediators

24

LHC is an important and interesting place to look for dark matter:
Not one experiment, not one search strategy, not even one discipline of physics 

alone can hope to pin down properties of dark matter,  
which makes it both challenging and interesting

Interesting times ahead!
more data to come, better statistics allows to improve analyses further 

test theory ideas beyond “simple” WIMP picture:  
complex dark sectors → more complex and challenging signatures
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THANK YOU!
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Veto on Isolated Tracks
Reduces backgrounds containing missed leptons and hadronically 
decaying tau leptons

• Definition: veto events containing a track with no other tracks above 3 GeV in its 
vicinity (cone of 0.4) 

• Performance: efficiency ~ 97% for dark matter signal and Z(→ 𝜈𝜈),  
50 - 70% for other backgrounds  
 
→ improvement of “S/(S+B)” ~ 7-10% 

• Validation: efficiency independent of  
event properties like ETmiss, jet pT,  
#vertices 
MC modelling excellent for leptons and  
non-leptonic part of event as well as in  
low-ETmiss region  

• systematic effect on  
background estimate < 1%

27
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Optimisation for DM Signals
First dedicated optimisation of sensitivity to DM signals

• Signal benchmarks leading to different ETmiss spectra were considered (“D5”, “D11”) 

• Optimisation revealed: signal events prefer higher event scale, therefore sum of jet 
pT’s and number of jets is higher than in backgrounds 

• As a consequence, leading jet pT and ETmiss are less balanced

28

inclusive number of jets & asymmetric jet pT/ETmiss cuts



SPS and ÖPG Joint Annual Meeting 2017, Johanna Gramling

Background Estimation

29

ttbar CRs/VRs  
for each SR:  
lower mT window

Non-canonical 
VRs:  
check mT and  
amT2 tails,  
low amT2 region,  
1L1𝜏 selection, …

Single top CR  
for each SR:  
≥2 b-jets, high amT2 
and lower cut on 
𝛥R(b1,b2)

W+jets CRs/VRs  
for each SR:  
same as TCR/TVR,  
but b-jet veto

Use simultaneous fit of all CRs to obtain final results

tt+𝛾 CR for tt+Z: require photon,  
treat as invisible for ETmiss, mT, HTmisssig
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The LHC
Currently the world’s most powerful  
particle accelerator

• Can collide protons at centre-of-mass energies  
of up to 14 TeV → “discovery machine” 

• Data from collision energies of 8 TeV (2012) and  
13 TeV (2015/2016) were analysed

30

bunches

protons

partons  
(quarks, gluons)
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Monojet Selection

31
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Monojets: EW background estimate

32
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Monojets: EW background estimate

32
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Monojets: Results

33

2:7% for SR1 and 6.2% for SR7 to 14% for SR9
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Monojets: Systematic Uncertainties

34
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Monojets: Systematic Uncertainties
Exemplarily for one estimate: Z(→ 𝜈𝜈) from W(→ 𝜇𝜈)

• combination reduces uncertainties, considers correlations

35
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EFT Validity Measure
Use ratio of cross section with validity condition imposed over total 
cross section to quantify validity

36
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SiMs: Minimal Width
Early SiMs interpretations used fixed width for mediator

• e.g. Mmed/3 → very large width and Mmed/8𝜋 → minimal width 

In principle, the width is fixed by masses, couplings and decay 
channels

• Calculate it for each point:

37
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SiMs: Width Effects

38
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SiMs: Approximations
Assume that kinematics is not altered by coupling changes

• Simplifies limit calculation -  
stick to regime in which this is valid (𝚪/Mmed < 0.5) 

Generator assumes Breit-Wigner propagator

• Not accurate for large widths 

• Not accurate for mDM >> Mmed 

• We apply a rescaling procedure to correct for it

39
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SiMs: Results

40

place limits  
on couplings

limits beyond  
perturbativity  
- meaningless𝚪/Mmed < 0.5 is not  

fulfilled with limits  
on couplings

𝚪/Mmed < 0.5 is not  
fulfilled at generation
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SiMs: Results

41

violates perturbative  
unitarity

dashed line: direct 
detection

solid line: relic density

dotted region: not  
enough stats
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SiMs: Model Comparison
Limits similar for SV and SA, weaker for TS

Limits are weaker for higher masses of DM and mediator  
→ improvement by increased energy

Limits get weaker for light off-shell mediators and light DM → soft 
MET!

• Could gain from specific optimisation

42
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SiMs: Channel Comparison
As expected, mono-jet gives strongest limit

• Mono-W/Z weaker than mono-Z for several reasons 

• Suffers from low acceptances → not optimal for SiMs (results in 
low MC statistics) 

• Cut-and-cut used instead of shape fit to extract limits

43
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Stop 1L: Object definitions

44

Electrons Muons

Jets

large-R Jets
• reclustered from signal jets 
• radius parameter optimised to 

R=1.2 (1.0) for tN_high (bCbv) 
• “trimming”: drop small-R jets 

with pT < 5% of large-R jet pT

Overlap removal
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Stop 1L: Trigger
Choice between  
single-lepton and  
ETmiss triggers

• went for ETmiss: no 
significant gain in 
efficiency when 
including lepton 
triggers 

lowest value of ETmiss:  
200 GeV (in CRs)

• triggers not fully  
efficient 

sufficiently good MC  
modelling of turn-on, also 
in 0b/1b selections

45

xe80_tc_lcw for 2015 data and xe100_mht for 2016 data

xe80 xe100

xe80 xe100

0b 0b

1b 1b
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Stop 1L: Signal Region Overview

46

stop → top + Neutralino (tN): 
• object pTs dependent on mass splitting → look at intermediate 

(“tN_med”) and large (“tN_high”) mass splitting, also keep 
Moriond “SR1” to check excess 

• make use of top reconstruction techniques: resolved or within 
large-R jets

stop → b + Chargino (bC)
• m(𝝌±) = 2 m(𝝌0) theoretically motivated, resulting in  

high-pT (b-)jets (“bC2x_diag”, “bC2x_med”) 
• include also region with small mass-splitting between  

stop and Chargino → soft b-jets are not reconstructed,  
use b-veto (“bCbv")

DM+tt
• DM production associated with tops well motivated for 

Yukawa-like couplings of (pseudo-)scalar mediator 
(low mMed: “DM_low”, high mMed: “DM_high”) 

• final state similar to tt+Z(inv)
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“stransverse mass” mT2:

• not used directly, but its modified versions that try to account for missing 
objects in the decay  
chains: 

amT2: targeting ttbar (2L) background, where  
one lepton is undetected 

mT2𝜏: reject ttbar (1L1𝜏) backgrounds, use  
reconstructed hadronic 𝜏 candidates  
in calculation

amT2

mT2𝜏

Stop 1L: Discriminating Variables
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Reconstruction of hadronic and leptonic 
top candidates via 𝜒2 procedure

• ETmiss perpendicular to leptonic top was 
found to perform well

48

@ preselection

• Significance of missing hadronic  
transverse energy HT, HTmisssig  
(with scale M=100 GeV), protects  
from multijet background:

Stop 1L: Discriminating Variables
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DM: SR and CR overview

49
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Results

50



SPS and ÖPG Joint Annual Meeting 2017, Johanna Gramling

Stop 1L: Systematics

51

Experimental Systematic Uncertainties
JES 4-15%

JER 0-9%

b-tagging 0-6%

ETmiss TST 0-3%

leptons small

photons small

luminosity small

Theoretical Systematic Uncertainties

ttbar 17-32%

Wt 14-68%

Wjets 40%

Dibosons 20-30%

SUSY 13-23%

DM 5% (only acc)
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Example: Theory Systematics
Listed for ttbar sample
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Background-only Fit Result
Four free fit parameters yield normalisation of four major 
backgrounds

• Systematics treated as nuisance parameters (Gaussian smearing)
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printouts of SR 
eventsEvent displaysPRW

ID and 
quality criteria 
not adequate

Detector 
effects that are 

not in MC mismodelling 
of crucial 
variables

backgrounds 
missing

MC modelling Fit

understand the 
excess

Run conditions, 
pile-up

Background 
estimate

Objects

kinematic 
distributions

What could have  
gone wrong?
(especially in DM_low)
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Event display
Enforced event topology clearly visible - no other problems spotted
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understand 
the excess
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Characteristics
Excess tends to small 
ETmiss and mT

No clear trend with amT2 
and HTmiss significance

same picture holds for 
other “suspicious SRs"

56

understand 
the excess
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b-jets
Striking: excess seems 
to be favouring 1-b-jet 
bin

• not the case for 
other “suspicious 
SRs" 

b-jet pT and angular 
distributions look 
unproblematic
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understand 
the excess
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SR overlaps
Signal-like backgrounds (e.g. ttV) have  
larger overlaps than ttbar/Wjets

• Excesses from common problem of  
ttbar/Wjets estimate unlikely

58

understand 
the excess

ttbar

ttV
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Distributions in CRs and VRs

ETmiss: sensitive to  
signals

mT: used for  
extrapolation

No apparent issues
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TCR

TVRTVR

TCR

Background 
estimate
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Distributions in CRs and VRs

60

WCR

WVRWVR

WCR

Background 
estimate

ETmiss: sensitive to  
signals

mT: used for  
extrapolation

No apparent issues
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Distributions in CRs and VRs
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STCR

ttZCRttZCR

STCR

Background 
estimate

ETmiss: sensitive to  
signals

mT: used for  
extrapolation

No apparent issues
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Non-canonical VRs
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W - mT-tail amT2-tail 1L1𝛕
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6. mT > 40 GeV

No NFs applied - not trivial which ones to use -  
but: W+jets scaled down to 0.75 (consistent with most SR fits)

Background 
estimate
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Non-canonical VRs

Selection identical to tN SRs,  
but an upper amT2 cut of 130 GeV
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low-amT2
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Background 
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Background missing?
Higgs should be negligible (no derivations were available, not 
tested)

• most likely: ttH, but should be mostly removed by ETmiss cut 

Z+jets small but not negligible 

• reintroduced on-the-way 

Other possible small backgrounds: < 1%
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Background 
estimate
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Focus on ttZ
Observed NF of roughly 1.5 → could point to missing background in 
CR

• Reminder: use tt𝛾 to estimate ttZ 

Indeed, W+𝛾 was not included, but is ~10% of total events in CR

• consistent with 7 TeV tt𝛾 analysis (also, this analysis lets one expect 
3% Z+𝛾 → neglected) 

Inclusion of W+𝛾  
made NF go down,  
hence significance  
of excess went up
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Background 
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Focus on ttZ
To confirm high NF, trilepton VR for ttZ(ℓℓ) was built

• main issue: statistics! 

• Dilepton system is  treated as invisible to mimic ttZ(inv) ETmiss 

Observed data ~1.5 times above MC → NF seems correct
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Lepton channels
No difference between electron and muon channel
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Objects
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Pile-up
Excess is present for low and high pile-up 
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Run 
conditions, 

pile-up
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# Events vs. Runs
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Run 
conditions, 

pile-up
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SR1 systs - ttbar
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cuts
JER cTag bTag ttbar_HardScatter

lTag cextra bextra
ttbar_Radiation

JES_GroupedNP3Norm
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ttbar_Fragmentation

En
tri

es

3.6

3.8

4

4.2

4.4

4.6

4.8

5

Syst

Syst
Nom
High Syst
Low Syst

Syst


