
MPP Project Review, December 17th-18th, 2018 
T.G. McCarthy, on behalf of the MPP ATLAS Group

ATLAS Physics Results
A selection of recent ATLAS results with major MPP contributions
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Overview

Standard Model Public Results

Top Quark Public Results

Higgs Public Results

Today only able to highlight a small subset of recent ATLAS results. 
(In particular: those results with significant MPP contributions) 
 
For more details + many other measurements, refer to the following links:

Analyses showcased today fall under 3 general categories: 

Top Quark Physics

Searches for BSM Physics

Higgs Physics

MPP plays a leading role in many physics measurements and searches @ ATLAS.

Exotics Public Results

Supersymmetry Public Results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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Overview

p
p

• very successful physics program @ LHC over past few years!

• Run 1: ~     4.6 fb-1 @ √s = 7 TeV     (2011) 
                 ~   20.3 fb-1 @ √s = 8 TeV     (2012) 

• Run 2: ~ 140  fb-1 @ √s = 13 TeV    (originally anticipated ≈ 100 fb-1)

Results highlighted today based on (at least portions of) the following p-p datasets:

• several challenges posed by increased pile-up activity in Run 2  
(+ a variety of pile-up mitigation techniques to counter these challenges) 

• several rare, previously inaccessible SM processes now within reach 
• expanded dataset will allow for much more stringent limits  

to be placed on several BSM physics models

Luminosity Public Plots

(reference for plots)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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Top Quark Physics
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New Precision Top Quark Mass (mtop) Measurement @ √s = 8 TeV

• target tt̄ signal events in ℓ+jets channel 
• ℓ+jets channel strikes a good balance:

high tt̄ branching ratio ~44% (good statistics) 
low backgrounds

✓ 
✓ 

• selection of a single high-pT charged lepton  
   where ℓ = e, µ and consider equally either:   

           ℓ+  (from top quark, depicted right) 

       or ℓ-  (from anti-top quark) 

• measurement employs version of a so-called  
template method, common in such analyses:

In this case extend idea to a 3D template method
(accept loss in statistical precision ➙ gain in systematic precision)

p p
t
b

b-jet

W+

νℓ

ℓ+

t

b

b-jet

W−

q
q

jet
jet

Submitted to EPJC   [1]

select measurable observable sensitive to mtop 

construct ‘template’ distributions from  
simulated tt̄ events with varying input mtop values 

observable is constructed from events in measured data 

fit is performed to the data to return best estimate of mtop

1

2

3

4

Reason: target two of the largest systematic uncertainties

Jet Energy ScaleJES

b-Jet Energy ScalebJES

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/


Se
le

ct
io

n 
of

 P
hy

sic
s H

ig
hl

ig
ht

s @
 A

TL
AS

M
PP

 P
ro

je
ct

 R
ev

ie
w

 [D
ec

em
be

r 1
7 

- 1
8,

 2
01

8]
T.

G
.M

cC
ar

th
y

M
ax

-P
la

nc
k-

In
st

itu
t f

ür
 P

hy
sik

To
p 

Ph
ys

ic
s

H
ig

gs
 P

hy
sic

s
BS

M
 P

hy
sic

s

�6

p p
t
b

b-jet

W+

νℓ

ℓ+

t

b

b-jet

W−

q
q

jet
jetTop Event Displays

(reference)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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New Precision Top Quark Mass (mtop) Measurement @ √s = 8 TeV

p p
t
b

b-jet

W+

νℓ

ℓ+

t

b

b-jet

W−

q
q

jet
jet

p p
t
b

b-jet

W+

νℓ

ℓ+

t

b

b-jet

W−

q
q

jet
jet

p p
t
b

b-jet

W+

νℓ

ℓ+

t

b

b-jet

W−

q
q

jet
jet

• reconstructed top quark mass  
(from kinematic likelihood fit output) 

• strongly dependent on true mtop 

• suffers from uncertainties in (b)JES

mreco
top

1st observable

• reconstructed 2-jet invariant mass 
(based on jet ↔ quark assignment from fit) 

• provides handle on JES 
2nd estimator: global Jet Scale Factor (JSF) 

m reco
W

2nd observable

• ratio of pT sum (b-jets vs. light jets) 
(based on jet ↔ quark assignment from fit) 

• provides handle on bJES 

Rreco
bq =

pbhad
T + pblep

T

pq1
T + pq2

T

3rd observable

Submitted to EPJC   [1]

∝
JSF × bJSF

JSF

1D 2D 3D

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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New Precision Top Quark Mass (mtop) Measurement @ √s = 8 TeV Submitted to EPJC   [1]

• using a 3D approach  
(i.e. simultaneous extraction of mtop, JSF, bJSF)  
    ➝ JSF & bJSF absorb most of the JES uncertainties, 
         such that overall one gains in the final mtop precision: 

δ2D (syst)
bJES > (δ3D (syst)

bJES )
2

+ (δ (stat)
bJES )

2

0.47 GeV > (0.03 GeV)2 + (0.35 GeV)2

Clear gain in moving from 2D ➝ 3D!

(+ this gain will be enhanced with more statistics)

• analysis further employs boosted decision tree (BDT) to separate events with correct jet ↔ quark association from remaining events 

2D 3Dvs.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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New Precision Top Quark Mass (mtop) Measurement @ √s = 8 TeV Submitted to EPJC   [1]

• final likelihood fit to data yields:

≈ 1.0 ± 0.3%

Expected 
background 
contribution 
very small!

mtop = 172.08 ± 0.39 (stat) GeV
JSF = 1.005 ± 0.001 (stat)

bJSF = 1.008 ± 0.005 (stat)

(note statistical uncertainties only!)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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New Combination of ATLAS mtop Measurements (√s = 7, 8 TeV) Submitted to EPJC   [1]

ρ (ℓ + jets, dilepton) = − 0.19

total mtop precision from ℓ + jets   @ √s = 8 TeV
total mtop precision from dilepton @ √s = 8 TeV

NB: only one example between two input measurements!

Properly evaluating and exploiting input 
correlations improves final mtop precision!

• combination of all Run 1 ATLAS results from standard 3 tt̄ decay channels (dileptonic, ℓ+jets, all-hadronic) 
• correlations evaluated for each source of systematic uncertainty 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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New Combination of ATLAS mtop Measurements

• final combined result:  

• result is dominated by the first 3 measurements (as listed above) 
• new ATLAS combined result provides 44% improvement relative to the best single input result  (cf. CMS ~ 4%)

Submitted to EPJC   [1]

mtop = 172.69 ± 0.25 (stat) ± 0.41 (syst) GeV

• individual measurements were combined successively 
(ordered according to their overall impact)

Note that analyzers from MPP played  
a leading role in all 6 measurements!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/


Se
le

ct
io

n 
of

 P
hy

sic
s H

ig
hl

ig
ht

s @
 A

TL
AS

M
PP

 P
ro

je
ct

 R
ev

ie
w

 [D
ec

em
be

r 1
7 

- 1
8,

 2
01

8]
T.

G
.M

cC
ar

th
y

M
ax

-P
la

nc
k-

In
st

itu
t f

ür
 P

hy
sik

To
p 

Ph
ys

ic
s

H
ig

gs
 P

hy
sic

s
BS

M
 P

hy
sic

s

�12

New Combination of ATLAS mtop Measurements Submitted to EPJC   [1]

• new ATLAS combined result more 
precise than the results from  
CDF and D0 experiments  

• ATLAS precision similar to most 
recent CMS combination

σmtop

mtop
≈ 0.28 %

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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Studies of Other Processes Featuring Top Quarks

• study of tt̄bb̄ process provides natural setting to probe 
dynamics of heavy-flavour quark production @ LHC 

• multi-scale process (√s, mt, mb, …) 
• tt̄bb̄ also a leading background for tt̄H  (H➝bb̄)

• work by MPP group to perform differential cross-section 
measurement in events in the all-hadronic (0-lepton) channel 

• all-hadronic tt̄bb̄ final state offers sensitivity to BSM physics 
• advantages: full reconstruction, large BR 
• fruitful dialogue with theory community: simulation of tt̄bb̄ events 
• well suited to calorimeter group expertise with jets  

and hadronic signatures 
• draw on previous experience with all-hadronic tt̄ decays 

(precision top quark mass measurement @ √s = 8 TeV)

improved knowledge of tt̄bb̄ process  
➙ 

improved results in tt̄H measurements 

tt̄ → (bqq̄)(b̄qq̄)
~ 46%

tt̄ Decay Modes

All-Hadronic

tt̄ → (bℓν)(b̄ℓν)
~ 10%

Dileptonic
tt̄ → (bqb̄)(b̄ℓν)

~ 44%

ℓ + Jets
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Studies of Other Processes Featuring Top Quarks

• tt̄Z production at LHC a rare SM process (accessible @ Run 2!) 
• important background in many SM + BSM searches at √s = 13 TeV 

(e.g. tt̄H, tt̄tt̄, various multi-lepton SUSY searches) 
• direct access to tt̄Z coupling and tt̄ spin correlations 
• previous ATLAS cross-section measurement (tt̄Z + tt̄W combined)  

performed with subset of Run-2 data (36.1 fb-1)     (example below)

• leading sensitivity in 3ℓ channel (tt̄ ➝ ℓ+jets, Z➝ℓℓ) 
• also consider 2ℓ and 4ℓ channels 
• strong MPP involvement in extended Run-2 analysis (140 fb-1) 

planned differential tt̄Z cross-section measurement including:

development of advanced tt̄ reconstruction techniques

background suppression strategies in all channels

ATLAS-CONF-2018-047   [2](previous ATLAS result)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-047/
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Higgs Physics
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Higgs Boson Properties

• offers unique tests of the Standard Model, but also interpretations in 
theories beyond the SM  (e.g. Effective Field Theories,  CP violation) 

• generally SM Higgs measurements fall under two categories:

Higgs boson mass measurements 

Cross-section measurements based 
on key production and decay 
mechanisms (coupling properties)  

1

2

Higgs Decay Modes

H → bb̄
BR ≈ 58%

H → ZZ* → 4ℓ
BR ≈ 0.03%

H → ττ
BR ≈ 6%

H → WW* → ℓνℓν
BR ≈ 1.3%

Channels with direct MPP involvement

H → gg, cc̄, γγ, μμ, Zγ, …

Higgs Production Modes @ LHC

ggF (~87.4%) VBF (~6.8%)

VH (~4.1%) ttH (~0.9%)
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Higgs Boson Mass (mH) Measurements

• mH measurement has been performed for the first time with ATLAS Run-2 data (including 2015/2016) 
• measurement performed in the 2-photon (𝛾𝛾) and 4ℓ (MPP) decay channels

• results in improvement in precision w.r.t. combined Run-1 ATLAS+CMS result 
• precision of a future ATLAS full Run-2 combination will be driven by result in the H ➝ 4ℓ channel 

 (world’s smallest systematic uncertainty on mH of 0.04%!)

σmH

mH
≈ 0.19 %

Precision achieved thanks to dedicated muon calibration led by MPP!

Phys. Lett. B 784 (2018) 345   [3]

https://arxiv.org/abs/1806.00242


Se
le

ct
io

n 
of

 P
hy

sic
s H

ig
hl

ig
ht

s @
 A

TL
AS

M
PP

 P
ro

je
ct

 R
ev

ie
w

 [D
ec

em
be

r 1
7 

- 1
8,

 2
01

8]
T.

G
.M

cC
ar

th
y

M
ax

-P
la

nc
k-

In
st

itu
t f

ür
 P

hy
sik

To
p 

Ph
ys

ic
s

H
ig

gs
 P

hy
sic

s
BS

M
 P

hy
sic

s

�18

Higgs Coupling Properties: H → ZZ* → 4ℓ

ggF (1 jet, medium pT
H)

ggF (1 jet, low pT
H)

ggF (1 jet, high pT
H)

ggF (0 jet)                    

ggF (2 jets)

VBF (low pT
jet)

VBF (high pT
jet)

VH (hadronic V decay)

VH (leptonic V decay)

ttH 

• statistical uncertainties still dominate in such measurements 
• for the first time sensitivity to VH and tt̄H production modes in the 4ℓ channel!   (V = W,Z)

• 2× more data compared with last year ➝ allows for finer categorization!

Projections for High-Luminosity LHC (HL-LHC), as an input to the European Strategy of Particle PhysicsIn Progress:

~100 signal 
events expected!

ATLAS-CONF-2018-018   [4]

• access key production modes in different 
dedicated regions of phase space

https://arxiv.org/abs/1806.00242
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VH and tt̄H Production

• analysis of H ➝ ZZ* ➝ 4ℓ channel contributes to the first direct ATLAS observation of VH and tt̄H production modes

Phys. Lett. B 784 (2018) 173   [6]Phys. Lett. B 786 (2018) 59   [5]

pp → tt̄H → (bqq̄)(b̄qq̄)(γγ)

Sample tt̄H Candidate Event DisplaySample VH Candidate Event Display

pp → ZH → (qq̄)(μμμμ)

ATLAS-CONF-2018-018   [4](event display reference) (event display reference) Phys. Lett. B 784 (2018) 173   [6]

https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/1808.08238
https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/1806.00242
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VH and tt̄H Production

• analysis of H ➝ ZZ* ➝ 4ℓ channel contributes to the first direct ATLAS observation of VH and tt̄H production modes

VH observation with 5.3σ significance tt̄H observation with 6.3σ significance

Phys. Lett. B 784 (2018) 173   [6]Phys. Lett. B 786 (2018) 59   [5]

• previously observed in VBF and H ➝ WW* ➝ ℓ𝜈ℓ𝜈 
• now confirmed in associated VH production mode

Couplings to Vector Bosons
• tt̄H very rare, but important SM process:  
➝ observation requires combination of several decay channels! 

• complex final-state signatures: 

First Direct Probe of Top Yukawa Coupling

tt̄H → (ℓνb, jjb)(ℓνb, jjb)(bb̄, γγ, ττ, WW, ZZ)

https://arxiv.org/abs/1806.00242
https://arxiv.org/abs/1808.08238
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EFT Interpretation:

• measured production cross sections (ggF, VBF, VH) can be used to constrain certain extensions of the SM 
in the context of Effective Field Theory (EFT)  
(via additional contact-interaction terms suppressed by an energy scale Λ)

H → ZZ* → 4ℓ

Above: Higgs cross section vs. CP-odd EFT parameter. 

Search for CP violation using sensitive differential distributions

In Progress:

EFT interpretation with full Run-2 dataset (also in the H➝WW channel)

CERN-THESIS-2018-073   [7]

• MPP group early adopters of employing EFT interpretation in analyses 
• now leading ATLAS efforts for EFT-related studies in Higgs sector!

• non-zero (i.e. non-SM) terms introduced via EFT can affect differential distributions (strong sensitivity to BSM physics!)

Δϕ( j, j) from qq̄

Example of differential variables:

pH
T , where H = ℓℓℓℓ

https://cds.cern.ch/record/2624277?ln=en
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Observation of Higgs Coupling to Fermions: H → ττ

• top quark coupling to 3rd generation quarks (via tt̄H) 
• this result confirms top quark coupling to  

3rd generation leptons (𝜏) based on ATLAS data alone 
(previous observation relied on combined ATLAS+CMS results) 

• analysis targets all 3 𝜏𝜏 decay channels (right) 

• ggF and VBF cross-sections measured separately (good agreement with SM)

(τ → had)(τ → had)
~ 42.0%

(τ → lep)(τ → lep)
~ 12.4%

(τ → lep)(τ → had)
~ 45.6%

Observed (expected) signal significance: 6.4σ (5.4σ)

(τ → lep)(τ → had)

Left: Reconstructed invariant 
𝜏𝜏 mass distribution in one 
of the selected SRs 
(MMC = ‘missing-mass calculator’)

𝜏𝜏 Decay Channels

Submitted to Phys. Rev. D   [8]

(S+B)/B

https://arxiv.org/abs/1811.08856
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BSM Physics Searches
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• complementary signature 
• indirect search for 

mediator decays to  
fermionic SM final states

�24

• general search campaign featuring several experimental signatures  
 ➝ interpreted in the context of simplified dark matter (DM) models:

Search for WIMP Dark Matter

Emiss
T + X

• DM produced in association 
with initial-state radiation 

• other production mechanisms 
(w/o ISR) also considered

(‘mono-X’)

Dijet, Dilepton

• complementary to direct-detection experiments:
sensitivity to low-mass WIMP dark matter 
spin-dependent interactions

✓ 
✓ 

Exotics Public Results

(reference for plot)

Involvement by MPP group for various search categories:

mono-H(bb̄)  /  mono-V(jj)  / mono-jet  /  combination

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Dark Matter Search: Mono-W/Z (qq̄)

• analysis considers V ➝ qq̄ decays (jets) 
• experimental signature: large ETmiss + di-jet resonance 

 (if W/Z highly boosted: qq̄ ➝ single large-R jet) 
• consider both cases: 1 large-R jet   /   2 small-R jets

W → qq̄, Z → qq̄

Emiss
T}

JHEP 10 (2018) 180   [9]

Above: interpretation for the vector mediator model.

• alternative interpretation in context of invisible Higgs boson decays

Emiss
T}

BR(H → invisible) < 0.83 @ 95% C.L.

ATLAS-CONF-2018-054   [10]

• search employing full Run-2 dataset in preparation for 
mono-jets (most sensitive), including mono-V(qq̄) final state

• Run 1&2 combination for such invisible decays just made public!   [10]

V(qq̄)H(inv) Z(ℓℓ)H(inv) VBF( jj + Emiss
T )+ +BR(H → invisible) < 0.26

https://arxiv.org/abs/1807.11471
https://cds.cern.ch/record/2649407/
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Dark Matter Search: Mono-Higgs (bb̄)

• direct probe of possible Higgs boson interactions with DM

Excluded by ATLAS

ATLAS-CONF-2018-039   [11]

Consider both resolved and merged topology.  
  (similarly to mono-W/Z on previous slide) 
Discriminating observable:  
di-jet or large-R jet invariant mass or ETmiss

resolved topology 
(for lower Z’ mass)

merged topology 
(for larger Z’ mass)

Emiss
T}

https://cds.cern.ch/record/2632344
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Dark Matter Search: Mono-Higgs (bb̄)

• significant improvements on the analysis side compared with last year! 
e.g. use of VR jets (pTH dependent) greatly increases efficiency to identify H ➝ bb̄ events 

• increase in efficiency consequently allows much stronger limits to be placed (e.g. on mZ’) 
• improvements on the analysis side are driving the enhanced limits  (rather than just increase in statistics)

ATLAS-CONF-2018-039   [11]

FR: fixed radius 
VR: variable radius

b

b̄

For high-mass mediators, e.g. Z’  
(i.e. boosted Higgs bosons)

• result employing full Run-2 dataset in preparation

https://cds.cern.ch/record/2632344
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Search for New Heavy Resonances

• general category of searches for new heavy particles based on their decays to known SM bosons:

γγ, WW, ZZ, WZ, HH,e.g.

• such searches have only a small model dependence 
• presence of new particles would cause a bump in invariant di-boson mass spectrum

(In)famous example: di-photon bump near m𝛾𝛾 ≈ 750 GeV. 
(has now since disappeared with more data) 

• WH and ZH searches led by MPP:

Search for Spin-0 particle in  
2-Higgs-Doublet Model (2HDM)

Search for Spin-1 particle in  
Heavy-Vector-Triplet Model (HVT), V’ = W’+, W’-, Z’

H H

Z W/Z

H

Z ℓ, ν

ℓ, ν

W ℓ

ν

high branching ratio

low backgrounds

b

b̄

Higgs Decay Channel:

W/Z Decay Channels:

WH, ZH
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• Run 2 data (2015/2016) √s = @ 13 TeV:  
exclude HVT resonances with masses up to 3 TeV

Search for VH Resonances (V = W,Z) JHEP 03 (2018) 174   [12]

• efficient identification of b-jets (notably for H➝bb̄) 
crucial for enhancing the signal sensitivity 

• challenges addressed:

calibration of b-jet taggers with data
b-tagging optimization (machine learning to identify tracks from B-decays)
optimization of boosted Higgs jet identification (paper in preparation)

• major improvements expected from the Higgs jet tagging  (e.g. mass window, jet substructure, b-tagging) 
• optimized analysis employing full Run-2 dataset in preparation

(as before)

H

W/Z

https://arxiv.org/abs/1712.06518
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Supersymmetry (SUSY): 4ℓ Searches
• general category of searches with ≥ 4-lepton signatures (keep search as model-independent as possible) 
• consider both R-parity violating (RPV) and R-parity conserving (RPC) signals (choice governs allowed SUSY particle decays) 

• search effort driven by MPP since Run 1

Phys. Rev. D 98 (2018) 032009   [13]

• consider cases with up to 2 hadronically decaying 𝜏 leptons 
• searches performed in a variety of signal regions (SR) 
• some SR’s apply Z requirement(s), in other SR’s apply veto(s)

 

Search for supersymmetry in events with four or more leptons
in

ffiffi
s

p
= 13 TeV pp collisions with ATLAS

M. Aaboud et al.*

(ATLAS Collaboration)

(Received 11 April 2018; published 15 August 2018)

Results from a search for supersymmetry in events with four or more charged leptons (electrons, muons
and taus) are presented. The analysis uses a data sample corresponding to 36.1 fb−1 of proton–proton
collisions delivered by the Large Hadron Collider at

ffiffiffi
s

p
¼ 13 TeV and recorded by the ATLAS detector.

Four-lepton signal regions with up to two hadronically decaying taus are designed to target a range of
supersymmetric scenarios that can be either enriched in or depleted of events involving the production and
decay of a Z boson. Data yields are consistent with Standard Model expectations and results are used to set
upper limits on the event yields from processes beyond the Standard Model. Exclusion limits are set at the
95% confidence level in simplified models of general gauge mediated supersymmetry, where Higgsino
masses are excluded up to 295 GeV. In R-parity-violating simplified models with decays of the lightest
supersymmetric particle to charged leptons, lower limits of 1.46, 1.06, and 2.25 TeV are placed on wino,
slepton and gluino masses, respectively.

DOI: 10.1103/PhysRevD.98.032009

I. INTRODUCTION

Supersymmetry (SUSY) [1–6] is a space-time symmetry
that postulates the existence of new particles with spin
differing by one half-unit from their Standard Model (SM)
partners. In supersymmetric extensions of the SM, each SM
fermion (boson) is associated with a SUSY boson (fermion),
having the same quantum numbers as its partner except for
spin. The introduction of these new SUSY particles provides
a potential solution to the hierarchy problem [7–10].
The scalar superpartners of the SM fermions are called

sfermions (comprising the charged sleptons, l̃, the sneu-
trinos, ν̃, and the squarks, q̃), while the gluons have
fermionic superpartners called gluinos (g̃). The bino, wino
and Higgsino fields are fermionic superpartners of the
SUð2Þ × Uð1Þ gauge fields of the SM, and the two complex
scalar doublets of a minimally extended Higgs sector,
respectively. Their mass eigenstates are referred to as
charginos χ̃$i (i¼1, 2) and neutralinos χ̃0j (j¼1, 2, 3, 4),
numbered in order of increasing mass.
In the absence of a protective symmetry, SUSY proc-

esses not conserving lepton number (L) and baryon number
(B) could result in proton decay at a rate that is in conflict
with the tight experimental constraints on the proton

lifetime [11]. This conflict can be avoided by imposing
the conservation of R-parity [12], defined as ð−1Þ3ðB−LÞþ 2S,
where S is spin, or by explicitly conserving either B or L in
the Lagrangian in R-parity-violating (RPV) scenarios. In
RPV models, the lightest SUSY particle (LSP) is unstable
and decays to SM particles, including charged leptons
and neutrinos when violating L but not B. In R-parity-
conserving (RPC) models, the LSP is stable and leptons can
originate from unstable weakly interacting sparticles
decaying into the LSP. Both the RPV and RPC SUSY
scenarios can therefore result in signatures with high lepton
multiplicities and substantial missing transverse momen-
tum, selections on which can be used to suppress SM
background processes effectively.
This paper presents a search for new physics in final

states with at least four isolated, charged leptons (electrons,
muons or taus) where up to two hadronically decaying taus
are considered. The analysis exploits the full proton–proton
data set collected by the ATLAS experiment during the
2015 and 2016 data-taking periods, corresponding to an
integrated luminosity of 36.1 fb−1 at a center-of-mass
energy of 13 TeV. The search itself is optimized using
several signal models but is generally model independent,
using selections on the presence or absence of Z bosons in
the event and loose requirements on effective mass or
missing transverse momentum. Results are presented in
terms of the number of events from new physics processes
with a four charged lepton signature, and also in terms of
RPV and RPC SUSY models.
Previous searches for SUSY particles using signatures

with three or more leptons were carried out at the Tevatron

*Full author list given at end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 98, 032009 (2018)

2470-0010=2018=98(3)=032009(31) 032009-1 © 2018 CERN, for the ATLAS Collaboration

R-parity:

S = spin, B = baryon number, L = lepton number

Observe 2.3σ 
for SR with 4ℓ 
and large ETmiss

≥ 4ℓ (e, µ, 𝜏) + X

(recall tt̄Z from before!)

https://arxiv.org/abs/1804.03602
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Supersymmetry (SUSY): R-Parity Violating Searches

• e.g. can consider lepton-number-violating term in the 
superpotential of the modified Lagrangian:

Phys. Rev. D 98 (2018) 032009   [13]

collider [13–18], and at the LHC by the ATLAS experiment
[19–22] and the CMS experiment [23–27]. This analysis
closely follows the 7 TeV [19] and 8 TeV [22] ATLAS
analyses.

II. SUSY SCENARIOS

SUSY models are used for signal region optimization
and to interpret the results of this analysis. Models of both
RPV SUSY and RPC SUSY are considered here, as they
each require a different approach for signal selection, as
discussed in Sec. V.
In all scenarios, the light CP-even Higgs boson, h, of the

minimal supersymmetric extension of the SM [28,29]
Higgs sector is assumed to be practically identical to the
SM Higgs boson [30], with the same mass and couplings as
measured at the LHC [31–33]. In addition, the decoupling
limit is used, which is defined by m A ≫ m Z, while the
CP-odd (A), the neutral CP-even (H ), and the two charged
(H!) Higgs bosons are considered to be very heavy and
thus considerably beyond the kinematic reach of the LHC.

A. RPV SUSY scenarios

In generic SUSY models with minimal particle content,
the superpotential includes terms that violate conservation
of L and B [34,35]:

1

2
λijkLiLjĒk þ λ0ijkLiQjD̄ k þ

1

2
λ00ijkŪi D̄ j D̄ k þκiLiH 2;

where Li and Qi indicate the lepton and quark SU(2)-
doublet superfields, respectively, and Ēi, Ūi and D̄ i are the
corresponding singlet superfields. Quark and lepton gen-
erations are referred to by the indices i, j and k, while the
Higgs field that couples to up-type quarks is represented by
the Higgs SU(2)-doublet superfield H 2. The λijk, λ0ijk and
λ00ijk parameters are three sets of new Yukawa couplings,
while the κi parameters have dimensions of mass.
Simplified models of RPV scenarios are considered,

where the LSP is a bino-like neutralino (χ̃01) and decays via
an RPV interaction. The LSP decay is mediated by the
following lepton-number-violating superpotential term:

WLLĒ ¼ 1

2
λijkLiLjĒk:

This RPV interaction allows the following decay of the
neutralino LSP:

χ̃01 → l!
k l

∓
i=jνj=i; ð1Þ

through a virtual slepton or sneutrino, with the allowed
lepton flavors depending on the indices of the associated
λijk couplings [36]. The complex conjugate of the decay in
Eq. (1) is also allowed. Thus, in the case of pair production,

every signal event contains a minimum of four charged
leptons and two neutrinos.
In principle, the nine1 λijk RPV couplings allow the χ̃01 to

decay to every possible combination of charged lepton pairs,
where the branching ratio for each combination differs for
each λijk. For example, for λ121 ≠0 the branching ratios for
χ̃01 → eμν, χ̃01 → eeν and χ̃01 → μμν are 50%, 50% and 0%
respectively, whereas for λ122 ≠0 the corresponding
branching ratios are 50%, 0% and 50%. In Ref. [22], it
was found that the four-charged-lepton search sensitivity is
comparable in the cases of λ121 ≠0 or λ122 ≠0, and for
λ133 ≠0 or λ233 ≠0. Since the analysis reported here uses
similar techniques, the number of L-violating RPV scenar-
ios studied is reduced by making no distinction between the
electron and muon decay modes of the χ̃01. Two extremes of
the λijk RPV couplings are considered:

(i) LLĒ12k (k ∈1, 2) scenarios, where λ12k ≠0 and
only decays to electrons and muons are included,

(ii) LLĒi33 (i ∈1, 2) scenarios, where λi33 ≠0 and
only decays to taus and either electrons or muons are
included.

In both cases, all other RPV couplings are assumed to be
zero. The branching ratios for the χ̃01 decay in the LLĒ12k
and LLĒi33 are shown in Table I. The sensitivity to λ
couplings not considered here (e.g., λ123) is expected to be
between that achieved in theLLĒ12k andLLĒi33 scenarios.
For the pure-bino χ̃01 considered here, the χ̃

0
1χ̃

0
1 production

cross section is found to be vanishingly small, thus models
that include one or more next-to-lightest SUSY particles
(NLSP) are considered in order to obtain a reasonably large
cross section. The choice of NLSP in the LLĒ12k and
LLĒi33 scenarios determines the cross section of the SUSY
scenario, and can impact the signal acceptance to a lesser
extent. In all cases, the NLSP is pair produced in an RPC
interaction, and decays to theLSP (which itself undergoes an
RPV decay). Three different possibilities are considered for
the NLSP in the LLĒ12k and LLĒi33 scenarios:

(i) Wino NLSP: Mass-degenerate wino-like charginos
and neutralinos are produced in association ( χ̃þ1 χ̃

−
1

or χ̃!1 χ̃
0
2). The χ̃

!
1 (χ̃02) decays to the LSPwhile emitting

a W (Z or h) boson, as shown in Figs. 1(a) and 1(b).
(ii) l̃L=ν̃ NLSP: Mass-degenerate left-handed sleptons

and sneutrinos of all three generations are produced

TABLE I. Decay modes and branching ratios for the χ̃01 LSP in
the RPV models, where ν denotes neutrinos or antineutrinos of
any lepton generation.

Scenario χ̃01 branching ratios

LLĒ12k eþe−ν (1=4) e!μ∓ν (1=2) μþμ−ν (1=4)
LLĒi33 e!τ∓ν (1=4) τþτ−ν (1=2) μ!τ∓ν (1=4)

1The 27 λijk RPV couplings are reduced to 9 by the
antisymmetry requirement λijk ¼ −λjik.
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collider [13–18], and at the LHC by the ATLAS experiment
[19–22] and the CMS experiment [23–27]. This analysis
closely follows the 7 TeV [19] and 8 TeV [22] ATLAS
analyses.

II. SUSY SCENARIOS

SUSY models are used for signal region optimization
and to interpret the results of this analysis. Models of both
RPV SUSY and RPC SUSY are considered here, as they
each require a different approach for signal selection, as
discussed in Sec. V.
In all scenarios, the light CP-even Higgs boson, h, of the

minimal supersymmetric extension of the SM [28,29]
Higgs sector is assumed to be practically identical to the
SM Higgs boson [30], with the same mass and couplings as
measured at the LHC [31–33]. In addition, the decoupling
limit is used, which is defined by m A ≫ m Z, while the
CP-odd (A), the neutral CP-even (H ), and the two charged
(H!) Higgs bosons are considered to be very heavy and
thus considerably beyond the kinematic reach of the LHC.

A. RPV SUSY scenarios

In generic SUSY models with minimal particle content,
the superpotential includes terms that violate conservation
of L and B [34,35]:

1

2
λijkLiLjĒk þ λ0ijkLiQjD̄ k þ

1

2
λ00ijkŪi D̄ j D̄ k þκiLiH 2;

where Li and Qi indicate the lepton and quark SU(2)-
doublet superfields, respectively, and Ēi, Ūi and D̄ i are the
corresponding singlet superfields. Quark and lepton gen-
erations are referred to by the indices i, j and k, while the
Higgs field that couples to up-type quarks is represented by
the Higgs SU(2)-doublet superfield H 2. The λijk, λ0ijk and
λ00ijk parameters are three sets of new Yukawa couplings,
while the κi parameters have dimensions of mass.
Simplified models of RPV scenarios are considered,

where the LSP is a bino-like neutralino (χ̃01) and decays via
an RPV interaction. The LSP decay is mediated by the
following lepton-number-violating superpotential term:

WLLĒ ¼ 1

2
λijkLiLjĒk:

This RPV interaction allows the following decay of the
neutralino LSP:

χ̃01 → l!
k l

∓
i=jνj=i; ð1Þ

through a virtual slepton or sneutrino, with the allowed
lepton flavors depending on the indices of the associated
λijk couplings [36]. The complex conjugate of the decay in
Eq. (1) is also allowed. Thus, in the case of pair production,

every signal event contains a minimum of four charged
leptons and two neutrinos.
In principle, the nine1 λijk RPV couplings allow the χ̃01 to

decay to every possible combination of charged lepton pairs,
where the branching ratio for each combination differs for
each λijk. For example, for λ121 ≠0 the branching ratios for
χ̃01 → eμν, χ̃01 → eeν and χ̃01 → μμν are 50%, 50% and 0%
respectively, whereas for λ122 ≠0 the corresponding
branching ratios are 50%, 0% and 50%. In Ref. [22], it
was found that the four-charged-lepton search sensitivity is
comparable in the cases of λ121 ≠0 or λ122 ≠0, and for
λ133 ≠0 or λ233 ≠0. Since the analysis reported here uses
similar techniques, the number of L-violating RPV scenar-
ios studied is reduced by making no distinction between the
electron and muon decay modes of the χ̃01. Two extremes of
the λijk RPV couplings are considered:

(i) LLĒ12k (k ∈1, 2) scenarios, where λ12k ≠0 and
only decays to electrons and muons are included,

(ii) LLĒi33 (i ∈1, 2) scenarios, where λi33 ≠0 and
only decays to taus and either electrons or muons are
included.

In both cases, all other RPV couplings are assumed to be
zero. The branching ratios for the χ̃01 decay in the LLĒ12k
and LLĒi33 are shown in Table I. The sensitivity to λ
couplings not considered here (e.g., λ123) is expected to be
between that achieved in theLLĒ12k andLLĒi33 scenarios.
For the pure-bino χ̃01 considered here, the χ̃

0
1χ̃

0
1 production

cross section is found to be vanishingly small, thus models
that include one or more next-to-lightest SUSY particles
(NLSP) are considered in order to obtain a reasonably large
cross section. The choice of NLSP in the LLĒ12k and
LLĒi33 scenarios determines the cross section of the SUSY
scenario, and can impact the signal acceptance to a lesser
extent. In all cases, the NLSP is pair produced in an RPC
interaction, and decays to theLSP (which itself undergoes an
RPV decay). Three different possibilities are considered for
the NLSP in the LLĒ12k and LLĒi33 scenarios:

(i) Wino NLSP: Mass-degenerate wino-like charginos
and neutralinos are produced in association ( χ̃þ1 χ̃

−
1

or χ̃!1 χ̃
0
2). The χ̃

!
1 (χ̃02) decays to the LSPwhile emitting

a W (Z or h) boson, as shown in Figs. 1(a) and 1(b).
(ii) l̃L=ν̃ NLSP: Mass-degenerate left-handed sleptons

and sneutrinos of all three generations are produced

TABLE I. Decay modes and branching ratios for the χ̃01 LSP in
the RPV models, where ν denotes neutrinos or antineutrinos of
any lepton generation.

Scenario χ̃01 branching ratios

LLĒ12k eþe−ν (1=4) e!μ∓ν (1=2) μþμ−ν (1=4)
LLĒi33 e!τ∓ν (1=4) τþτ−ν (1=2) μ!τ∓ν (1=4)

1The 27 λijk RPV couplings are reduced to 9 by the
antisymmetry requirement λijk ¼ −λjik.
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λijk term depends on lepton flavour involved (e,µ,𝜏)

• strongest limits able to be placed on Gluino mass (next-to-lightest SUSY particle) 
• similar diagrams for Wino (NLSP) or Slepton (NLSP) 
• in general scenarios with 𝜆12k ≠ 0 (e,µ) or 𝜆i33 ≠ 0 (𝜏) excluded up to 1-2 TeV  

(NLSP mass scale)

https://arxiv.org/abs/1804.03602
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Supersymmetry (SUSY): R-Parity Violating Searches

• separate analysis targets displaced vertices associated with two charged leptons in the inner detector (e.g. eµ)  
• search is sensitive to long-lived particles with lifetimes on the order of ps to ns 
• model-independent search 
• interpretation: supersymmetric model with RPV neutralino (      ) decay 
• search effort driven by MPP since Run 1

χ̃1
0

Displaced dileptons
● Search for displaced vertices with two charged leptons in the 

inner detector
● Sensitive to long-lived particles with lifetimes of order ps to ns
● Model independent search
● Interpretation: Supersymmetric model with R-parity violating 

neutralino decay
● Paper in preparation for 2016 data
● Leading contributions to:

○ Event selection
○ Background estimation
○ Study of signal efficiencies
○ Limit setting

D. Krauss

6

Paper based on 2016 √s = 13 TeV ATLAS dataIn Preparation:

CERN-THESIS-2015-095   [14](event display reference only )

https://cds.cern.ch/record/2035968/
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Supersymmetry (SUSY): Direct Stau Searches (𝜏)

• motivation: light supersymmetric 𝜏 partners could play role in 
co-annihilation of neutralino (     ), leading to a DM 
relic density consistent with cosmological observations 

• mass expected to be O(100 GeV) range in gauge-mediated 
and anomaly-mediated SUSY breaking scenarios 

• challenge: cross-section expected to be very small 
• MPP group leading the efforts for searches in two 𝜏𝜏 channels:   

˜

⌧̃

⌧̃
p

p

�̃0
1

⌧

�̃0
1

⌧

(τ → had)(τ → had)
~ 42.0%

(τ → lep)(τ → lep)
~ 12.4%

(τ → lep)(τ → had)
~ 45.6%

𝜏𝜏 Decay Channels

JHEP 10 (2017) 096   [15]

Emiss
T}

χ̃1
0

100 ≤ mτ̃ < 200 GeV

(τ → lep)(τ → had) (τ → had)(τ → had)

• cut- and MVA-based searches optimized 
to achieve large sensitivity in the range:

Right: One exclusion result 
for case of mass neutralino: mχ̃0

1
= 0

https://arxiv.org/abs/1407.0350


Se
le

ct
io

n 
of

 P
hy

sic
s H

ig
hl

ig
ht

s @
 A

TL
AS

M
PP

 P
ro

je
ct

 R
ev

ie
w

 [D
ec

em
be

r 1
7 

- 1
8,

 2
01

8]
T.

G
.M

cC
ar

th
y

M
ax

-P
la

nc
k-

In
st

itu
t f

ür
 P

hy
sik

To
p 

Ph
ys

ic
s

H
ig

gs
 P

hy
sic

s
BS

M
 P

hy
sic

s

�34

Supersymmetry (SUSY): Stop Searches (t)˜ JHEP 12 (2017) 085   [16]

Emiss
T}

Emiss
T}

W

Hadronically decaying W bosons
q

q̄

• another search targeting supersymmetric top quark partner in the all-hadronic channel driven by MPP efforts

• search performed in several dedicated signal regions featuring various 
requirements on hadronic jets (including b-tagged jets) + ETmiss

• complex final states with various backgrounds 
• employs background estimation from dedicated control regions 
• target both boosted and resolved regimes

high-pT 
jet (ISR)

𝜙 plane

• new for Run 2: specifically address challenging phase-space region where 
 by targeting events where SUSY system recoils against a high-pT ISR jet

Δm(t̃1, χ̃0
1) ≈ mt

https://arxiv.org/abs/1709.04183
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• significant increase in sensitivity due both to luminosity 
increase (statistics) and to analysis improvements 

• allows for new stringent limits to be  
placed on stop and neutralino masses:      

�35

Supersymmetry (SUSY): Stop Searches (t)˜ JHEP 12 (2017) 085   [16]

mt̃1
mχ̃1

0

Δm(t̃1, χ̃0
1) ≈ mt

NB: challenging kinematic region  
(similar to SM tt̄) referred to on previous slide 

https://arxiv.org/abs/1709.04183
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Re-Interpretation (tt̄ + ETmiss): Dark Energy Search

• accelerated expansion of the universe can be explained by a scale-dependent modification of General Relativity 
• motivation based on an extension of the SM in context of EFT:

ATL-PHYS-PUB-2018-008   [17]

• only consider leading term: 
coupling of DE to SM proportional to Yukawa coupling 

• becomes a search for tt̄ + ETmiss (as on previous slide) 
• re-interpretation of SUSY stop search with  

same all-hadronic + ETmiss final state signature

Emiss
T}

1 The 2-Neutrino Scanning Method

L = LSM +
9X

i=1

ciLi

L1 =
@µ�@µ�

M4
T ⌫
⌫

The variation on the neutrino weighting method (NWM) outlined in this note
is motivated from a method adopted in previous ATLAS analyses to reconstruct
the tt̄ system in dileptonic tt̄ events. The primary di�culty tt̄ in such events
is the presence of the two non-interacting neutrinos. Under a tt̄ hypothesis,
one can constrain the set of kinematic equations based on the assumption that
the two neutrinos are the only sources of Emiss

T in the event (such that their
vector sum in both the x and y plane should roughly balance the corresponding
components of the reconstructed Emiss

T ). This, together with constraints on the
invariant top-quark and W -boson masses (4 constraints total) leaves one with
two unknowns, but one can then sweep through the physically allowed values
of the two neutrino pseudorapidities (⌘1, ⌘2) and find the values leading to the
most probable configuration for the given event based on the output weight from
the algorithm.

The point is that, in the context of the tt̄Z signal process of interest, one
can run this algorithm to see if the event is consistent with a tt̄ hypothesis –
background dileptonic tt̄ events should yield a high output weight for the NWM,
whereas signal events (and Z+jet background events) should yield a lower value.
Moreover, there is an ambiguity in terms of the association of the two b-` pairs
in the event, so both combinations are considered for the NWM, and after
running the algorithm one can then select the b-` pairing configuration yielding
the highest output weight. This choice of the b-` association can then be used
to construct the signed reconstructed bb̄ charge (Qbb̄ = Qreco

b̄
�Qreco

b ).
The method employs features of a matrix-element method and something

else.

1.1 Solving the kinematic equations

It was found from studies of simulated data that whereas the resolution in the
reconstructed W boson mass (mW ), assuming one were to perfectly identify
the neutrino kinematic quantities, is quite good, that of the corresponding top
quark mass (mt) su↵ers from the large uncertainties associated with the b-jet
energy scale (bJES).

For this reason, the initial strategy was modified according to the prescrip-
tion to follow.

1. test

2.

1

1 The 2-Neutrino Scanning Method

L = LSM +
9X

i=1

ciLi

L1 =
@µ�@µ�

M4
T ⌫
⌫

The variation on the neutrino weighting method (NWM) outlined in this note
is motivated from a method adopted in previous ATLAS analyses to reconstruct
the tt̄ system in dileptonic tt̄ events. The primary di�culty tt̄ in such events
is the presence of the two non-interacting neutrinos. Under a tt̄ hypothesis,
one can constrain the set of kinematic equations based on the assumption that
the two neutrinos are the only sources of Emiss

T in the event (such that their
vector sum in both the x and y plane should roughly balance the corresponding
components of the reconstructed Emiss

T ). This, together with constraints on the
invariant top-quark and W -boson masses (4 constraints total) leaves one with
two unknowns, but one can then sweep through the physically allowed values
of the two neutrino pseudorapidities (⌘1, ⌘2) and find the values leading to the
most probable configuration for the given event based on the output weight from
the algorithm.

The point is that, in the context of the tt̄Z signal process of interest, one
can run this algorithm to see if the event is consistent with a tt̄ hypothesis –
background dileptonic tt̄ events should yield a high output weight for the NWM,
whereas signal events (and Z+jet background events) should yield a lower value.
Moreover, there is an ambiguity in terms of the association of the two b-` pairs
in the event, so both combinations are considered for the NWM, and after
running the algorithm one can then select the b-` pairing configuration yielding
the highest output weight. This choice of the b-` association can then be used
to construct the signed reconstructed bb̄ charge (Qbb̄ = Qreco

b̄
�Qreco

b ).
The method employs features of a matrix-element method and something

else.

1.1 Solving the kinematic equations

It was found from studies of simulated data that whereas the resolution in the
reconstructed W boson mass (mW ), assuming one were to perfectly identify
the neutrino kinematic quantities, is quite good, that of the corresponding top
quark mass (mt) su↵ers from the large uncertainties associated with the b-jet
energy scale (bJES).

For this reason, the initial strategy was modified according to the prescrip-
tion to follow.

1. test

2.

1

First collider-based constraints on Dark Energy!

Reference: Brax et al. [18]

(a further analysis with same signature performed for DM search – see backup)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-008/
https://arxiv.org/abs/1604.04299
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Summary
• MPP group members actively involved in wide range of ATLAS analyses: 

Stay tuned for results with the full Run-2 dataset! 
Thank you for your attention

Top Quark Physics

Searches for BSM Physics

Higgs Physics

involvement in precision mtop measurements in all standard tt̄ decay channels 
leading contribution to new ATLAS combination of Run 1 direct mtop measurements 
actively involved in searches for other SM processes involving top quarks (e.g. tt̄bb̄, tt̄Z) 
(crucial for understanding backgrounds in BSM searches + sensitivity to BSM physics themselves!)

✓ 
✓ 
✓ 

leading contribution to a number of precision Higgs boson measurements  
(including recent ATLAS observation of H ➝ 𝜏𝜏 decays and tt̄H and VH production modes) 

Higgs boson mass measurement in the H ➝ 4ℓ channel  
(featuring world’s lowest systematic uncertainty on mH) 
strong effort in further improving the Higgs boson coupling measurements 
 and searches for CP violation with full Run-2 dataset (established leaders in EFT studies!)

✓ 

✓ 

✓ 

coordination of a broad range of searches with various final-state signatures 
searches sensitive to a number of leading BSM physics models  
(e.g. extensions of the Higgs sector, SUSY, DM, DE, generic new heavy resonances) 
no new physics yet… but 140 fb-1 analyses in the pipeline (+ preparation for Run 3 & HL-LHC!)

✓ 
✓ 

✓ 
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References + Additional Material



Se
le

ct
io

n 
of

 P
hy

sic
s H

ig
hl

ig
ht

s @
 A

TL
AS

M
PP

 P
ro

je
ct

 R
ev

ie
w

 [D
ec

em
be

r 1
7 

- 1
8,

 2
01

8]
T.

G
.M

cC
ar

th
y

M
ax

-P
la

nc
k-

In
st

itu
t f

ür
 P

hy
sik

To
p 

Ph
ys

ic
s

H
ig

gs
 P

hy
sic

s
BS

M
 P

hy
sic

s

�39

References
[1]    ATLAS Collaboration, Measurement of the top quark mass in the tt̄ ➝ lepton + jets channel from √s = 8 TeV ATLAS data and combination with previous results,  
         Submitted to EPJC (October 2018).

[19]   ATLAS Collaboration, Search for dark matter produced in association with bottom or top quarks in √s = 13 TeV pp collisions with the ATLAS detector, Eur. Phys. J. C 78 (2018) 18.

[17]   ATLAS Collaboration, Search for scalar dark energy in tt̄ + ETmiss and mono-jet final states with the ATLAS detector, ATL-PHYS-PUB-2018-008 (June 2018).

[2]    ATLAS Collaboration, Measurement of the tt̄W and tt̄Z cross sections in proton-proton collisions at √s = 13 TeV with the ATLAS detector, ATL-CONF-2018-047 (September 2018).

[3]    ATLAS Collaboration, Measurement of the Higgs boson mass in the H ➝ ZZ* ➝ 4ℓ and H ➝ 𝛾𝛾 channels with √s = 13 TeV pp collisions using the ATLAS detector ,  
         Phys. Lett. B 784 (2018) 345.
[4]    ATLAS Collaboration, Measurements of the Higgs boson production, fiducial and differential cross sections in the 4ℓ decay channel at √s = 13 TeV with the ATLAS detector,  
         ATL-CONF-2018-018 (June 2018).

[7]    K. Ecker et al., Measurement of the Higgs boson tensor coupling in H ➝ ZZ* ➝ 4ℓ decays with the ATLAS detector – How odd is the Higgs boson?,  CERN-THESIS-2018-073, 
         MPP-2018-139 (May 2018).

[5]    ATLAS Collaboration, Observation of H ➝ bb̄ decays and VH production with the ATLAS detector , Phys. Lett. B 786 (2018) 59.
[6]    ATLAS Collaboration, Observation of Higgs boson production in association with a top quark pair at the LHC with the ATLAS detector, Phys. Lett. B 784 (2018) 173.

[8]    ATLAS Collaboration, Cross-section measurement of the Higgs boson decaying into a pair of tau-leptons in proton-proton collisions at √s = 13 TeV with the ATLAS detector,  
         Submitted to Phys. Rev. D. (November 2018).

[12]   ATLAS Collaboration, Search for heavy resonances decaying into a W or Z boson and a Higgs boson in final states with leptons and b-jets in 36 fb-1 of √s = 13 TeV pp collisions  
          with the ATLAS detector, JHEP 03 (2018) 174.

[11]   ATLAS Collaboration, Search for Dark Matter Produced in Association with a Higgs Boson decaying to bb̄ at √s = 13 TeV with the ATLAS Detector using 79.8 fb-1  
          of proton-proton collision data, ATLAS-CONF-2018-039 (July 2018).

[9]     ATLAS Collaboration, Search for dark matter i events with a hadronically decaying vector boson and missing transverse momentum in pp collisions at √s = 13 TeV with the  
          ATLAS detector, JHEP 10 (2018) 180.

[20]   ATLAS Collaboration, Constraints on mediator-based dark matter models using √s = 13 TeV pp collisions at the LHC with the ATLAS detector ,  
          ATLAS-CONF-2018-051 (November 2018).

[13]   ATLAS Collaboration, Search for supersymmetry in events with four or more leptons in √s = 13 TeV pp collisions with ATLAS, Phys. Rev. D 98 (2018) 032009.

[16]   ATLAS Collaboration, Search for a scalar partner of the top quark in the jets plus missing transverse momentum final state at √s = 13 TeV with the ATLAS detector, JHEP 12 (2017) 085.

[15]   ATLAS Collaboration, Search for the direct production of charginos, neutralinos and staus in final states with at least two hadronically decaying taus  
          and missing transverse momentum in pp collisions at √s = 8 TeV with the ATLAS detector, JHEP 10 (2014) 096.

[18]   P. Brax et al, LHC Signatures of Scalar Dark Energy, Phys. Rev. D 94, 084054 (2016).

[14]   M.E. Goblirsch-Kolb et al., Searches for R-Parity Violating Supersymmetry in Multilepton Final States with the ATLAS detector, CERN-THESIS-2015-095, p. 129 (July 2015).

[10]   ATLAS Collaboration, Combination of searches for invisible Higgs boson decays with the ATLAS experiment, ATLAS-CONF-2018-054, (November 2018).

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
https://arxiv.org/abs/1710.11412
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-047/
https://arxiv.org/abs/1806.00242
https://cds.cern.ch/record/2621479
https://cds.cern.ch/record/2624277?ln=en
https://arxiv.org/abs/1808.08238
https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1811.08856
https://arxiv.org/abs/1712.06518
https://cds.cern.ch/record/2632344
https://arxiv.org/abs/1807.11471
https://cds.cern.ch/record/2646248
https://arxiv.org/abs/1804.03602
https://arxiv.org/abs/1709.04183
https://arxiv.org/abs/1407.0350
https://arxiv.org/abs/1604.04299
https://cds.cern.ch/record/2035968/
https://cds.cern.ch/record/2649407/
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New Precision Top Quark Mass (mtop) Measurement @ √s = 8 TeV Submitted to EPJC   [1]

• measurement employs a multivariate 
analysis technique (BDT) to separate:

• events with correct jet ↔ quark associations 
• remaining events  

(i.e. unmatched or incorrect signal tt̄ events)

• allows for optimization: select BDT cut value to yield smallest total systematic uncertainty (above right) 
• optimization both reduces total uncertainty on mtop (1.13 ➝ 0.91 GeV) and reduces correlation with other tt̄ measurements

e.g. for two ATLAS measurements @ √s = 8 TeV:   ρ (ℓ + jets, dileptonic) ≈ -0.02 ➙ -0.19 (important for combination)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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New Combination of ATLAS mtop Measurements (√s = 7, 8 TeV)

• combination of all Run 1 ATLAS results from standard 3 tt̄ decay channels (dileptonic, ℓ+jets, all-hadronic) 
• final combined uncertainty strongly depends on the estimator correlations 
• correlations were evaluated for each source of systematic uncertainty 
• statistical uncertainty on systematic sources also evaluated and exploited  

in order to properly evaluate the stability of the combination

Submitted to EPJC   [1]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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New Combination of ATLAS mtop Measurements

• individual measurements were combined successively (ordered according to their overall impact) 
• note that analyzers from MPP played a leading role in all 6 measurements! 
• final combined result:  

• result is dominated by the first 3 measurements (shown above right) 
• new ATLAS combined result provides 44% improvement relative to the best single input result  (cf. CMS ~ 4%)

Submitted to EPJC   [1]

mtop = 172.69 ± 0.25 (stat) ± 0.41 (syst) GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/
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ETF Interpretation:

• measured production cross sections (ggF, VBF, VH) can be used to constrain certain extensions of the SM 
in the context of Effective Field Theory (EFT)  
(via additional contact-interaction terms suppressed by an energy scale Λ)

H → ZZ* → 4ℓ

Above: Higgs cross section vs. CP-odd EFT parameter. 
Search for CP violation using sensitive differential distributions (e.g. above)

In Progress:

SM, 𝜅AVV = 0

𝜅AVV = 3.5

𝜅AVV = -3.5

EFT interpretation with full Run-2 dataset (also in the H➝WW channel)

CERN-THESIS-2018-073   [7]

https://cds.cern.ch/record/2624277?ln=en
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Combination of Search for Invisible Higgs Boson Decays ATLAS-CONF-2018-054   [10]

Figure 2 (caption taken from reference): The observed and expected upper limits on BH➝inv at 95% CL 
from direct searches for invisible decays of the 125 GeV Higgs boson and statistical combinations.

https://cds.cern.ch/record/2649407/
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Supersymmetry (SUSY): Stop Searches (t)˜ JHEP 12 (2017) 085   [16]

RISR =
Emiss

T

pISR
T

∼
mχ̃1

0

mt̃1

high-pT jet 
(ISR)

𝜙 plane

• new for Run 2: specifically address challenging phase-space region where 
 by targeting events where SUSY system recoils against a high-pT ISR jet (> 400 GeV)

https://arxiv.org/abs/1709.04183
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Re-Interpretation (tt̄ + ETmiss): Dark Energy Search

• accelerated expansion of the universe can be explained by a scale-dependent modification of General Relativity 
• motivation based on an extension of the SM in context of EFT:

ATL-PHYS-PUB-2018-008   [17]

• only consider leading term: 
coupling of DE to SM proportional to Yukawa coupling 

• becomes a search for tt̄ + ETmiss (as before) 
• re-interpretation of SUSY stop search with  

same all-hadronic tt̄ final state signature

Emiss
T}

1 The 2-Neutrino Scanning Method

L = LSM +
9X

i=1

ciLi

L1 =
@µ�@µ�

M4
T ⌫
⌫

The variation on the neutrino weighting method (NWM) outlined in this note
is motivated from a method adopted in previous ATLAS analyses to reconstruct
the tt̄ system in dileptonic tt̄ events. The primary di�culty tt̄ in such events
is the presence of the two non-interacting neutrinos. Under a tt̄ hypothesis,
one can constrain the set of kinematic equations based on the assumption that
the two neutrinos are the only sources of Emiss

T in the event (such that their
vector sum in both the x and y plane should roughly balance the corresponding
components of the reconstructed Emiss

T ). This, together with constraints on the
invariant top-quark and W -boson masses (4 constraints total) leaves one with
two unknowns, but one can then sweep through the physically allowed values
of the two neutrino pseudorapidities (⌘1, ⌘2) and find the values leading to the
most probable configuration for the given event based on the output weight from
the algorithm.

The point is that, in the context of the tt̄Z signal process of interest, one
can run this algorithm to see if the event is consistent with a tt̄ hypothesis –
background dileptonic tt̄ events should yield a high output weight for the NWM,
whereas signal events (and Z+jet background events) should yield a lower value.
Moreover, there is an ambiguity in terms of the association of the two b-` pairs
in the event, so both combinations are considered for the NWM, and after
running the algorithm one can then select the b-` pairing configuration yielding
the highest output weight. This choice of the b-` association can then be used
to construct the signed reconstructed bb̄ charge (Qbb̄ = Qreco

b̄
�Qreco

b ).
The method employs features of a matrix-element method and something

else.

1.1 Solving the kinematic equations

It was found from studies of simulated data that whereas the resolution in the
reconstructed W boson mass (mW ), assuming one were to perfectly identify
the neutrino kinematic quantities, is quite good, that of the corresponding top
quark mass (mt) su↵ers from the large uncertainties associated with the b-jet
energy scale (bJES).

For this reason, the initial strategy was modified according to the prescrip-
tion to follow.

1. test

2.

1
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⌫
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invariant top-quark and W -boson masses (4 constraints total) leaves one with
two unknowns, but one can then sweep through the physically allowed values
of the two neutrino pseudorapidities (⌘1, ⌘2) and find the values leading to the
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the algorithm.

The point is that, in the context of the tt̄Z signal process of interest, one
can run this algorithm to see if the event is consistent with a tt̄ hypothesis –
background dileptonic tt̄ events should yield a high output weight for the NWM,
whereas signal events (and Z+jet background events) should yield a lower value.
Moreover, there is an ambiguity in terms of the association of the two b-` pairs
in the event, so both combinations are considered for the NWM, and after
running the algorithm one can then select the b-` pairing configuration yielding
the highest output weight. This choice of the b-` association can then be used
to construct the signed reconstructed bb̄ charge (Qbb̄ = Qreco

b̄
�Qreco

b ).
The method employs features of a matrix-element method and something

else.

1.1 Solving the kinematic equations

It was found from studies of simulated data that whereas the resolution in the
reconstructed W boson mass (mW ), assuming one were to perfectly identify
the neutrino kinematic quantities, is quite good, that of the corresponding top
quark mass (mt) su↵ers from the large uncertainties associated with the b-jet
energy scale (bJES).

For this reason, the initial strategy was modified according to the prescrip-
tion to follow.

1. test

2.

1

First collider-based constraints on Dark Energy!

Reference: Brax et al. [17]

4 Uncertainties

The theoretical uncertainties for the DE signal are estimated using a variation of the renormalisation and
factorisation scales by a factor of two, as well as from the combined PDF+↵s uncertainties, which are
estimated using the PDF4LHC prescription [39].

The uncertainties are split into two components: cross-section uncertainties, that only a�ect the overall
normalisation of the signal and acceptance uncertainties, that depend on the specific kinematic selections
applied. The latter are incorporated into the profile likelihood fit.

The cross-section uncertainties for the pp ! tt̄�� process involving the L1 operator are +44
�28% (scale) �

39% (PDF)� 8% (↵s) =+59
�48 %. The acceptance uncertainties are 1% (scale)� 12% PDF� 1% (↵s) = 12%

in all signal regions.

For the pp ! j�� process involving the L2 operator, the cross-section uncertainties are +39
�26% (scale) �

25% (PDF) � 4% (↵s) =+46
�36 %. The acceptance uncertainties depend on the E

miss
T value, ranging from

10% at low E
miss
T values to 30% at high E

miss
T , and are also dominated by the PDF uncertainties.

The uncertainties due to background modelling, detector systematics and data statistics are incorporated
into the statistical analysis as nuisance parameters, as described in [21, 22].

5 Validity of the EFT approximation and truncation procedure

The operators that describe the interactions of the DE scalar field are obtained by an expansion in the
suppression scale M and are therefore valid only in the regime where the momentum transfer is Qtr ⌧ M .
In practice, it is assumed that the EFT approximation is valid for events where Qtr < g⇤M where g⇤ is
a number that depends on the details of the UV completion of the model and should satisfy g⇤ < 4⇡, in
order for the couplings to be in the perturbative regime [40].

Since the UV completion of the DE EFT model are unknown, a conservative approach for the evaluation
of the momentum transfer amounts to using the partonic center-of-mass energy [41, 42]. This gives

Qtr =
p

ŝ ⌘

vut ’
i

pi

!2

< g⇤M, (4)

where i runs over all the partons in the final state, as a condition which should be fulfilled in order for the
EFT to be valid.

For events that do not satisfy Eq. 4, the iterative rescaling procedure developed in [42] is applied in order
to rescale the EFT limits. The procedure amounts to iteratively estimating the fraction of events Ri that
satisfy the EFT validity criterion and rescaling the limit with

Mrescaled =
÷
i

R
1/8
i M . (5)

until the fraction of valid events reaches 0 or 1. The exponent 1/8 originates from the fact that � /

M
�1/8.

6

Limit plot in context of g* and M (relating their product to the partonic centre-of-mass energy) 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-008/
https://arxiv.org/abs/1604.04299
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Dark Matter Search with tt̄ + ETmiss Final State

• additional search with the same final state: dark matter (DM) production with a new scalar mediator 𝜙/a 
• similarly performed in the all-hadronic tt̄ channel

Eur. Phys. J. C. 78 (2018) 18   [19]

Emiss
T} Excluded by ATLAS

• slightly softer pT spectra 
(compared with SUSY signal prediction on previous slide) 

• set limits on DM-nucleon cross section and DM mass 
within the scalar mediator model

https://arxiv.org/abs/1710.11412
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Summary of Dark Matter Searches

• mono-V(jj) and mono-H(bb̄) measurements contribute to an overall summary of Dark-Matter searches 
• group together analyses with same underlying benchmark models (e.g. vector mediator model)

ATLAS-CONF-2018-051   [20]

• in addition, new signal models are 
introduced and several analyses are  
re-interpreted in the new context 
(using RECAST* framework)

2HDM + Pseudoscalar (a)

UV complete model, dedicated to LHC searches 
(small cross section for direct detection) 

*RECAST: framework for re-interpretations of a given analysis in context of other signal models but 
featuring similar final-state signatures.  Saves simulation resources and helps for data preservation.

(first ATLAS limits on 2HDM+a!)

https://cds.cern.ch/record/2646248
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Standard Model Public Results

(reference for plot)

Run 1

Run 2

4.7 fb-1    (√s = 7 TeV)

Total 
Produced

Rate @ Peak 
Luminosity

20.3 fb-1 (√s = 8 TeV)

140 fb-1  (√s = 13 TeV)

~640
~4200

~120k

~1.7 / hr
~ 5.7 / hr

~ 1 / min

Lpeak (Run 1 @ √s = 7 TeV)   ≈ 0.0035 pb-1 / s 

Lpeak (Run 1 @ √s = 8 TeV)   ≈ 0.0077 pb-1 / s 

Lpeak (Run 2 @ √s = 13 TeV) ≈ 0.0214 pb-1 / s

Peak Instantaneous Luminosity Values

(Conversion: 1.0 × 1033 cm-2 s-1 = 0.001 pb-1 s-1)

tt̄Z
tt̄Z

σtt̄Z ≈ 0.137 pb    (√s = 7 TeV)  
σtt̄Z ≈ 0.206 pb    (√s = 8 TeV)  
σtt̄Z ≈ 0.839 pb    (√s = 13 TeV) 

Cross-Section Values
JHEP11(2012)056

JHEP11(2012)056

LHCHXS WG

* rates refer to production alone to give rough values  
  (no detector-related efficiencies considered!)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://link.springer.com/content/pdf/10.1007/JHEP11(2012)056.pdf
https://link.springer.com/content/pdf/10.1007/JHEP11(2012)056.pdf
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGTTH

