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Introduction Supersymmetry Dark Matter Summary

Final states with t̄t+Emiss
T

Many BSM scenarios can cause a t̄t+Emiss
T final state

→ Consider only:

Supersymmetry (SUSY) Generic Dark Matter (DM) scenario
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directly, leading to a di↵erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).

1

Neutralino as LSP is DM candidate DM with associated t̄t production favoured

Kinematically very similar, slightly higher pT-spectra in SUSY

Search for direct top squark pair production in the semi-leptonic final state with ATLAS:

Covered by Daniela Börner and Julian Wollrath
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Fully hadronic t̃1-decays
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Both top quarks are decaying

hadronically

→ No additional Emiss
T from ν of leptonic

top decay

Top quarks can be fully
’
reconstructed‘

by the jets in the event

Boosted topologies allow for usage of

’
fat-jets‘ since no leptons are involved in

top decays

→ Requiring top quark
’
candidates‘

helps to suppress non-t-like

backgrounds
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arXiv:1709.04183

→ TT: 2
’
fat-jets‘ with masses ∼ mt

TW: 1
’
fat-jet‘ mass ∼ mt, one ∼ mW

T0: Only 1
’
fat-jet‘ mass ∼ mt

11/28/2017 Nicolas Köhler - BSM physics in the t̄t + Emiss
T final state 3/15

https://arxiv.org/abs/1709.04183
mailto:nicolas.koehler@cern.ch


Introduction Supersymmetry Dark Matter Summary

Compressed region: mt̃ ∼ mt + mχ̃0
1

Suffering from low Emiss
T

ISR jet can boost squark system

→ Di-χ̃
0
1 (Emiss

T ) strongly correlated with

momenta of ISR jets

Maximize the amount of back to back

transverse momenta of the two systems

→ Divide into hemispheres (one containing the

Emiss
T /sparticle system, one the ISR system)

Variables: Number/pT of (b-)jets in

hemispheres

E.g. RISR = Emiss
T
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Background estimation

Statistically independent control regions

enriching a certain SM background

Npred,SR = NMC,SR · NData,CR
NMC,CR

Validation regions (kinematically

between CR and SR) to check Data/MC

agreement

Estimate Z → νν in Z → ℓ+ℓ− region
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Estimate t̄t in 1-lepton region
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Systematic uncertainties (in %)

SRA-TT SRA-TW SRA-T0 SRB-TT SRB-TW SRB-T0

Total syst. unc. 24 23 15 19 14 15

tt̄ theory 10 6 3 10 11 12

tt̄+V theory 2 <1 <1 1 <1 <1

Z theory 1 3 2 <1 1 <1

Single top theory 6 3 5 3 4 5

Diboson theory <1 2 <1 <1 <1 <1

µtt̄ <1 <1 <1 2 2 1

µtt̄+Z 6 3 2 4 3 2

µZ 6 10 7 5 6 4

µW 1 1 1 2 1 2

µsingle top 5 3 5 4 4 5

JER 10 12 4 3 4 3

JES 4 7 1 7 4 <1

b-tagging 1 3 2 5 4 4

Emiss
T soft term 2 2 <1 1 <1 <1

Multijet estimate 1 <1 <1 2 2 <1

Pileup 10 5 5 8 1 3
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Systematic uncertainties (in %)
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Systematic uncertainties (in %)

SRA-TT SRA-TW SRA-T0 SRB-TT SRB-TW SRB-T0

Total syst. unc. 24 23 15 19 14 15

tt̄ theory 10 6 3 10 11 12
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b-tagging 1 3 2 5 4 4

Emiss
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Multijet estimate 1 <1 <1 2 2 <1

Pileup 10 5 5 8 1 3
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Systematic uncertainties (in %)

SRA-TT SRA-TW SRA-T0 SRB-TT SRB-TW SRB-T0

Total syst. unc. 24 23 15 19 14 15

tt̄ theory 10 6 3 10 11 12

tt̄+V theory 2 <1 <1 1 <1 <1
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JES 4 7 1 7 4 <1

b-tagging 1 3 2 5 4 4

Emiss
T soft term 2 2 <1 1 <1 <1

Multijet estimate 1 <1 <1 2 2 <1

Pileup 10 5 5 8 1 3
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Systematic uncertainties (in %)

SRA-TT SRA-TW SRA-T0 SRB-TT SRB-TW SRB-T0

Total syst. unc. 24 23 15 19 14 15

tt̄ theory 10 6 3 10 11 12

tt̄+V theory 2 <1 <1 1 <1 <1

Z theory 1 3 2 <1 1 <1

Single top theory 6 3 5 3 4 5
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µW 1 1 1 2 1 2

µsingle top 5 3 5 4 4 5

JER 10 12 4 3 4 3

JES 4 7 1 7 4 <1

b-tagging 1 3 2 5 4 4

Emiss
T soft term 2 2 <1 1 <1 <1

Multijet estimate 1 <1 <1 2 2 <1

Pileup 10 5 5 8 1 3
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Results

Looking into the signal region:
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No excess above SM expectation found

Exclude mt̃1 < 1 TeV

Also 3-body decays considered
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arXiv:1709.04183 → Significantly

improved limits from LHC Run-1
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Results

Looking for t̃1 → bχ̃
±
1 decays:
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No excess above SM expectation found

Exclude mt̃1 < 800GeV for

BR(̃t1 → b + χ̃±
1 ) = 100%

→ Many more interpretations (incl.

pMSSM-inspired models) done

Scanning BR(̃t1 → t + χ̃0
1)
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Final states with 2 leptons
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3- or 4-body decays result in softer objects

Lepton pT-thresholds are much lower than

for jets, but:

Branching fraction of W± into leptons is

much smaller than into jets

More precise energy and angular resolution

possible

Use e.g. R2ℓ = Emiss
T /(pT(ℓ1) + pT(ℓ2))
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Final states with 2 leptons

Also 2-body decay scenarios

targeted

Use stransverse mass mT2 of the

leptons
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→ Good coverage for 3-/4-body

decay scenarios
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Interpret results in generic Dark Matter scenario

Using simplified models with a

scalar (ϕ) or pseudoscalar (a)

mediator

Only consider fermionic

WIMPs χ

Final state objects are

kinematically similar to top

squark decays

Slightly softer pT-spectra than in

SUSY

→ Selections are very similiar, but

not as tight as for SUSY

directly, leading to a di↵erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).
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Limits on DM+t̄t production

Define SUSY-like signal regions with slightly softer objects

→ Combining fully-hadronic and 2-lepton final states in exclusion fit:

Scalar mediator Pseudoscalar mediator
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Limits on DM+t̄t production

Compare DM limits to direct

detection experiments

Use limits from 2L SR for a

scalar mediator ϕ

Convert into

spin-independent

DM–nucleon scattering

cross-section

(cf. arXiv:1603.04156)
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Final states with one lepton
Results of the semi-leptonic final state mentioned by

Daniela Börner and Julian Wollrath interpreted in DM

scenario
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ATLAS-CONF-2017-037

→ Comparable results wrt. the 0-/2-lepton final states

→ Summarized in ATLAS DM summary paper (incl. reinterpretation with

2HDM+pseudoscalar model)
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directly, leading to a di↵erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as

�/a

g

g

t̄

�

�̄

t

�/a

g

g

b̄
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�̄
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g

b
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).
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Introduction Supersymmetry Dark Matter Summary

Outlook: Seach for dark energy at ATLAS

Simple EFT-approach claims sensitity of t̄t+Emiss
T final state for stable dark

energy scalar ϕ (mϕ = 0.1GeV) on collider distances

(Phys. Rev. D 94, 084054 (2016))

LBSM = LSM +
∑

i
CiLi +

1
2m2

ϕϕ
2 (with Ci = 1)

Only consider operators L1 and L2

Dark Energy signatures have

harder pT-spectra than DM

→ Similar to SUSY signal regions

→ Re-interpretations are ongoing

Phys. Rev. D 94, 084054 (2016)
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Introduction Supersymmetry Dark Matter Summary

Conclusions

ATLAS has a broad search program for final states with t̄t+Emiss
T :

-- Supersymmetric top squark pair production
-- Dark Matter in associated production with top quark pairs

Searches with fully-hadronic, semi-leptonic and fully-leptonic top quark

decays

No excess above SM expectation was observed

Significantly increased LHC Run-1 exclusion limits

Combination of decay channels for DM scenarios currently ongoing

Thank you for your attention!
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Backup

Top squark: Fully hadronic final state: pMSSM-inspired models
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Top squark: Fully hadronic final state: pMSSM-inspired models

Well-tempered pMSSM
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Top squark: 2-lepton final state: pMSSM-inspired models

Well-tempered pMSSM
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Top squark: Fully hadronic final state event selection (1)

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb−jet ≥ 2

τ -veto yes∣∣∆φ (jet0,1,2,pmiss
T

)∣∣ > 0.4

A

m0
jet,R=0.8 > 60 GeV

∆R (b, b) > 1 -

mχ2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B
mb,max

T > 200 GeV

∆R (b, b) > 1.2
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Top squark: Fully hadronic final state event selection (2)

Variable SRC1 SRC2 SRC3 SRC4 SRC5

Nb−jet ≥ 1

NS
b−jet ≥ 1

NS
jet ≥ 5

p0,ST,b > 40 GeV

mS > 300 GeV

∆φ(ISR,pmiss
T ) > 3.0

pISRT > 400 GeV

p4,ST > 50 GeV

RISR 0.30–0.40 0.40–0.50 0.50–0.60 0.60–0.70 0.70–0.80
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Top squark: Fully hadronic final state event selection (3)
Variable SRD-low SRD-high∣∣∆φ (jet0,1,2,pmiss

T

)∣∣ > 0.4

Nb−jet ≥2

∆R (b, b) > 0.8

p0,bT +p1,bT > 300 GeV > 400 GeV

τ -veto yes

p1T > 150GeV

p3T > 100GeV > 80GeV

p4T > 60GeV

mb,min
T > 250GeV > 350GeV

mb,max
T > 300GeV > 450GeV

Variable SRE∣∣∆φ (jet0,1,2,pmiss
T

)∣∣ > 0.4

Nb−jet ≥2

m0
jet,R=0.8 > 120 GeV

m1
jet,R=0.8 > 80 GeV

mb,min
T > 200 GeV

Emiss
T > 550 GeV

HT > 800 GeV

Emiss
T /

√
HT > 18

√
GeV

arXiv:1709.04183

11/28/2017 Nicolas Köhler - BSM physics in the t̄t + Emiss
T final state B/U 6

https://arxiv.org/abs/1709.04183
mailto:nicolas.koehler@cern.ch


Backup
Top squark: 2-lepton final state event selection (1)
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Top squark: 2-lepton final state event selection (2)
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Top squark: 2-lepton final state event selection (3)
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Backup

DM+t̄t: 0-/2-lepton final states event

selection

arXiv:1710.11412

Observable SRt1 SRt2 SRt3

Trigger Emiss
T 2`

Nj ≥ 4 ≥ 1
NM
b ≥ 2 ≥ 1
NB
` 0 -
NM
` - 2 OS
Nτ 0 -

Emiss
T [GeV] > 300 -

pT(bj1) [GeV] > 20 > 30
pT(j1, j2) [GeV] > 80, 80 > 30
pT(j3, j4) [GeV] > 40, 40 -

pT(`1, `2) [GeV] - > 25, 20
m`` [GeV] - > 20
|mSF

`` −mZ | [GeV] - > 20

mjet 1,2
R=0.8 [GeV] > 80, 80 - -

mjet 1,2
R=1.2 [GeV] - > 140, 80 -

mb,min
T [GeV] > 150 > 200 -

mb,max
T [GeV] > 250 - -

∆Rbb > 1.5 > 1.5 -
Emiss, sig

T [
√
GeV ] - > 12 -

∆φboost [rad] - < 0.8
mmin
b2` [GeV ] - < 170

ξ+ [GeV] - > 170
m``

T2 [GeV] - > 100

Multi-jet rejection specific
∆φ(j, ~pmiss

T ) [rad] > 0.4 -
Emiss,track

T [GeV] > 30 -
∆φ(~pmiss

T , ~pmiss,track
T ) [rad] < π/3 -
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Backup

DM+t̄t: 1-lepton final state event selection
Signal region DM low loose DM low DM high

Preselection high-Emiss
T preselection

Number of (jets, b-tags) (≥ 4, ≥ 1) (≥ 4, ≥ 1) (≥ 4, ≥ 1)

Jet pT [GeV] > (60, 60, 40, 25) > (120, 85, 65, 25) > (125, 75, 65, 25)

b-tagged jet pT [GeV] – > 60 –

Emiss
T [GeV] > 300 > 320 > 380

mT [GeV] > 120 > 170 > 225

Hmiss
T,sig > 14 > 14 –

amT2 [GeV] > 140 > 160 > 190

mreclustered
top [GeV] – > 130 > 130

∆φ(~pmiss
T , `) > 0.8 > 1.2 > 1.2

|∆φ(jeti, ~p
miss
T )| > 1.4 > 1.0 > 1.0

|∆φ(j1,2, ~p
miss
T )| > 0.4

mτ
T2 based τ -veto [GeV] > 80

exclusion technique cut-and-count cut-and-count cut-and-count

ATLAS-CONF-2017-037
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Backup
Top squark: Fully hadronic final state systematics [%] (1)

SRA-TT SRA-TW SRA-T0 SRB-TT SRB-TW SRB-T0

Total syst. unc. 24 23 15 19 14 15

tt̄ theory 10 6 3 10 11 12

tt̄+V theory 2 <1 <1 1 <1 <1

Z theory 1 3 2 <1 1 <1

Single top theory 6 3 5 3 4 5

Diboson theory <1 2 <1 <1 <1 <1

µtt̄ <1 <1 <1 2 2 1

µtt̄+Z 6 3 2 4 3 2

µZ 6 10 7 5 6 4

µW 1 1 1 2 1 2

µsingle top 5 3 5 4 4 5

JER 10 12 4 3 4 3

JES 4 7 1 7 4 <1

b-tagging 1 3 2 5 4 4

Emiss
T soft term 2 2 <1 1 <1 <1

Multijet estimate 1 <1 <1 2 2 <1

Pileup 10 5 5 8 1 3
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Backup
Top squark: Fully hadronic final state systematics [%] (2)

SRC1 SRC2 SRC3 SRC4 SRC5 SRD-low SRD-high SRE

Total syst. unc. 31 18 18 16 80 25 18 22

tt̄ theory 27 11 14 11 71 12 10 11

tt̄+V theory <1 <1 <1 <1 <1 <1 <1 1

Z theory <1 <1 <1 <1 <1 <1 <1 2

W theory <1 <1 1 3 2 <1 <1 1

Single top theory 3 2 2 3 <1 5 6 12

µtt̄ 4 6 6 5 5 1 1 <1

µtt̄+Z <1 <1 <1 <1 <1 2 2 4

µZ <1 <1 <1 <1 <1 4 5 5

µW <1 <1 1 3 3 3 1 2

µsingle top 3 2 2 3 <1 5 6 6

JER 4 10 6 5 10 3 6 4

JES 4 5 2 2 17 8 4 5

b-tagging 2 2 <1 2 4 9 7 <1

Emiss
T soft term 1 3 2 3 15 4 3 2

Multijet estimate 12 3 <1 <1 <1 2 2 <1

Pileup <1 1 <1 2 14 9 <1 2
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Backup

DM+t̄t: 0-/2-lepton final states systematics [%]
SRb1 [%] SRb2 [%] SRt1 [%] SRt2 [%] SRt3 [%]

Total systematic uncertainty 18 15–18 29 14 28

Z theoretical uncertainties 5.7 7.9–12 5.0 2.1 <1

tt̄+Z theoretical uncertainties <1 <1 3.3 5.3 8.4

tt̄ theoretical uncertainties <1 2.7–9.8 17 5.7 11

MC statistical uncertainties 6.4 4.8–6.4 15 5.9 18

Z fitted normalisation 13 12–19 2.3 3.4 -

tt̄+Z fitted normalisation - - 2.2 3.5 7.1

tt̄ fitted normalisation - 1.9–4.2 3.9 1.4 2.0

Fake or non-prompt leptons - - - - 7.9

Pile-up 3.8 <1–1.4 6.8 5.5 <1

Jet energy resolution 1.5 1.3–6.9 7.0 <1 <1

Jet energy scale 7.7 5.0–10 5.0 2.8 8.2

E
miss
T

soft term <1 4.3–6.3 2.0 <1 12

b-tagging <1 2.4–6.9 8.6 3.1 <1
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