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Introduction

• Thanks to the organisers for the invitation, and 
to you all for the discussions so far today.

• This contribution will discuss a new ATLAS 
result on fiducial and differential measurements 
of WW production in a SUSY-inspired phase 
space, involving myself, Ben Bruers (DESY) and 
Sebastian Rutherford (Cambridge) 

• Conference note was released for Moriond
2022, with paper submission ~ imminent.

• Very keen to discuss prospects/ideas for future 
re-interpretation(s).
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This talk

Will cover…

• Some historical context.

• A brief overview of typical SUSY searches.

• The motivation and overall design of the measurement.

Won’t cover…

• Why producing differential particle-level measurements 
is an exciting way to probe new physics (others have 
already done that)

• Technical details of the unfolding calculation.
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But I am happy to discuss technical aspects of this effort further ”offline”. 

ATLAS-CONF-2022-011

https://cds.cern.ch/record/2805215
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Some history
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WW precision measurements a 
first hint of new physics at the 
LHC?

Quote from physics briefing
“And yes, we should also mention that 
the WW cross section result comes out 
a bit high compared to its Standard 
Model expectation. Not statistically 
significant, but enough to intrigue 
theorists and experimentalists to study 
this tricky channel in more detail.”
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https://arxiv.org/abs/1303.5696

https://arxiv.org/abs/1406.0858 Alternative explanations included 
charginos and/or sleptons…

SUSY to the rescue?

https://arxiv.org/abs/1303.5696
https://arxiv.org/abs/1406.0858
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/

• Jet veto adds introduces an additional 
scale into the theoretical calculation -> 
complicates NNLO 
calculations/approximations.

• Full calculations of WW to NNLO in QCD 
reduced tensions with SM measurements 

https://arxiv.org/pdf/1408.5243.pdf

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/
https://arxiv.org/pdf/1408.5243.pdf
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Recent run-2 measurements in di-leptonic final states 

• 36 fb-1 WW+0-jet measurement: Eur. Phys. J. C 79 (2019) 884

• 139 fb-1 WW+≥1-jet measurement: JHEP 06 (2021) 003

Plus exciting
developments including 
𝛾𝛾 → 𝑊𝑊 production

… and the result I will discuss on WW measurements in a SUSY-
inspired topology…

https://link.springer.com/article/10.1140/epjc/s10052-019-7371-6?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20191102
https://link.springer.com/article/10.1007/JHEP06(2021)003


Sarah Williams- IOP half-day meeting- 15/6/2022

Reminder: direct searches for new physics
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Signal Irreducible background Reducible backgrounds

=> Direct searches for new physics at the LHC involve searching for statistically 
significant deviations from the SM in particular decay channels/event topologies. 

Jet faking a 
lepton

Cow faking an elephant (not very well)

As mentioned by Jon- performed at ”detector-level”…
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Typical SUSY search strategy
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Diagram taken from 
the Histfitter paper

• Identify (binned) ”signal region(s)” where 
we would expect to see an excess over the 
SM prediction if the signal were present.

• Use “control region(s)” to extract data-
driven normalisation factor(s) for dominant 
background component(s) using 
simultaneous likelihood fit.

• Before unblinding, use “validation 
regions” to check that the background-
estimates provide accurate normalisation 
and shapes of kinematic distributions.

We typically produce ”post-fit” yields tables and kinematic distributions, and 
quote the normalisation factors from the likelihood fit (which depends on the MC 
generator being used).

https://arxiv.org/abs/1410.1280
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Search-inspired SM measurements in ATLAS
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Þ First result of its kind from 
ATLAS.

Þ Used bin-by-bin unfolding 
(not possible here)

6.3 Particle-level measurement method

Each MR is designed such that it is dominated by a single SM process (accounting for more than 85%
of the yield, see Table 2), for which the cross-section can be measured exclusively. A simple unfolding
procedure to particle-level, based on bin-by-bin correction factors, is used. In this method, the particle-level
di�erential cross-section for the dominant process p in bin i of the distribution of variable X can be
expressed as:

d�p
i

dX
=

(Ni �
Õ

q,p R
q
i ) ·

T p
i

Rp
i

wi · L
, (1)

where the sum runs over all sub-dominant SM processes which contribute to the yield, Ni is the number of
events observed in the bin, R

p
i (T p

i ) is the yield at detector level (particle level) for process p, wi is the
width of the bin and L is the integrated luminosity of the data sample. The bin-by-bin correction procedure
doesn’t account for migration between bins due to resolution e�ects when going from particle-level to
detector-level distributions. For this reason, the binning of the distributions is chosen to be much broader
than the experimental resolution to minimise the migration between bins. This binning is optimised for the
measurements to ensure that at least 90% of events passing the particle-level selection remain in the same
bin at detector level (for events passing both selections). This binning is not used for the search.

Di�erential cross-section measurements are made for the following observables: pT of the dilepton system;
�� between the leptons; minimum �� between lepton and leading jet; minimum �� between lepton and
subleading jet; ST; leading jet pT; subleading jet pT; �� and �⌘ between the leading and subleading jets;
scalar sum of pT of leading and subleading jets (HT); and invariant mass of the dijet system.

7 Multivariate analysis and signal regions

In order to dscriminate between signal and background in the LQ search, the TMVA [31] implementation
of a BDT is used. A number of variables are expected to provide discrimination between signal and
background. Generally, the pT of the leptons and jets as well as related variables such as the sum of pT will
possess higher values for the signal than for the background, in particular for high LQ mass. Since the
signature arises from the decay of parent LQs with well-defined masses, mass-sensitive discriminating
variables are further candidates for BDT input variables. In the dilepton channels, the lepton-jet masses
m

min
LQ and m

max
LQ are reconstructed, as described in Section 5. In the lepton–neutrino channels, the mass of

one LQ (mLQ) and the transverse mass of the second LQ (mT
LQ) can be reconstructed. The transverse mass

is defined as m
T
LQ =

q
2 · p

j
T · E

miss
T · (1 � cos(��( j, Emiss

T ))), where ��( j, Emiss
T ) is the azimuthal angle

between the jet and the direction of missing transverse momentum vector. The procedure is analogous
to that used in the dilepton channel; both possible pairings of jet and lepton (or E

miss
T ) are tested and the

pairing that results in the smaller absolute di�erence between mLQ and m
T
LQ is chosen.

Events with negative weights in the simulation are ignored in the training, after verifying that the
distributions of important discriminating variables do not di�er beyond statistical uncertainties between
the events with positive and negative weights, respectively. All background processes are used in the BDT
training. The training is done for each LQ mass hypothesis for which signal simulations were produced.
To ensure independence from the CRs, in the dilepton channel, only events with a dilepton invariant
mass above 130 GeV are considered in the training. Similarly, only events with a transverse mass greater
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Figure 7: Examples of the measured particle-level di�erential cross-sections in the eejj, µµjj and eµjj measurement
regions. The data are unfolded bin-by-bin exclusively to the dominant process in each channel (Z ! ee, Z ! µµ
and tt̄, respectively). The MC prediction for the dominant process is also shown, with no mj j reweighting applied.
The red band represents the statistical component of the total uncertainty on the measurement which is indicated by
the error bar on each point. The variable min��( j0, l) refers to the minimal di�erence in � between the leading jet
and a prompt lepton.
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Eur. Phys. J. C 79 (2019) 733

The result I will now discuss is the first effort 
to do a search inspired unfolding calculation 
in a SUSY-inspired phase space:

• Follows an early run 2 search for 
supersymmetric charginos and sleptons
decaying to 2-lepton final states.

• Aim is to incorporate measurements into 
future search efforts.

https://link.springer.com/article/10.1140/epjc/s10052-019-7181-x
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Overview EWK 2l+0jets search

11Sarah Williams: SUSY BGF CR/VR measurements

Summary of analysis strategy
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ATLAS DRAFT

Table 2: The definitions of the binned and inclusive signal regions. Relevant kinematic variables are defined in the
text. The bins labelled ‘DF’ or ‘SF’ refer to signal regions with di�erent lepton flavour or same lepton flavour pair
combinations, respectively, and the ‘0J’ and ‘1J’ labels refer to the multiplicity of non-b-tagged jets.

Signal region (SR) SR-DF-0J SR-DF-1J SR-SF-0J SR-SF-1J
nnon-b-tagged jets = 0 = 1 = 0 = 1
m`1`2 [GeV] >100 >121.2
E

miss
T [GeV] >110

E
miss
T significance >10

nb-tagged jets = 0
Binned SRs

mT2 [GeV]

2[100,105)
2[105,110)
2[110,120)
2[120,140)
2[140,160)
2[160,180)
2[180,220)
2[220,260)
2[260,1)

Inclusive SRs

mT2 [GeV]
2[100,1)
2[160,1)
2[100,120)
2[120,160)

enriched in the particular background process under study while remaining kinematically similar to the250

SRs. The normalisations of the relevant backgrounds are then validated in a set of validation regions (VRs),251

which are not used to constrain the fit, but are used to verify that the data and predictions agree within252

uncertainties in regions of the parameter space kinematically close to the SRs. Three CRs are used, as253

defined in Table 3: CR-WW, targeting WW production; CR-VZ, targeting W Z and Z Z production, which254

are normalised by using a single parameter in the likelihood fit to the data; and CR-top, targeting tt̄ and255

single-top-quark production, which are also normalised by using a single parameter in the likelihood fit to256

the data. A single normalisation parameter can be used for tt̄ and single-top-quark (Wt) production as the257

relative amounts of each process are similar in the CR and SRs.258

Table 3: Control region definitions for extracting normalisation factors for the dominant background processes. ‘DF’
or ‘SF’ refer to signal regions with di�erent lepton flavour or same lepton flavour pair combinations, respectively.

Region CR-WW CR-VZ CR-top
Lepton flavour DF SF DF
nb-tagged jets = 0 = 0 = 1
nnon-b-tagged jets = 0 = 0 = 0
mT2 [GeV] 2 [60,65] > 120 > 80
E

miss
T [GeV] 2 [60,100] > 110 > 110

E
miss
T significance 2 [5,10] > 10 > 10

m`1`2 [GeV] > 100 2 [61.2,121.2] > 100
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Figure 1: Diagrams of the supersymmetric models considered, with two leptons and weakly interacting particles in
the final state: (a) �̃+1 �̃

�
1 production with W -boson-mediated decays, (b) �̃+1 �̃

�
1 production with slepton/sneutrino-

mediated-decays and (c) slepton pair production. In the model with intermediate sleptons, all three flavours (ẽ, µ̃, ⌧̃)
are included, while only ẽ and µ̃ are included in the direct slepton model. In the final state, ` stands for an electron or
muon, which can be produced directly or, in the case of (a) and (b) only, via a leptonically decaying ⌧-lepton with
additional neutrinos.

of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic90

calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.91

The inner-detector (ID) system is immersed in a 2 T axial magnetic field produced by the solenoid and92

provides charged-particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel93

detector, a silicon microstrip tracker and a transition radiation tracker, which enables radially extended94

track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification95

information. During the first LHC long shutdown, a new tracking layer, known as the Insertable B-96

Layer [32], was added with an average sensor radius of 33 mm from the beam pipe to improve tracking and97

b-tagging performance.98

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2,99

electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)100

sampling calorimeters. Hadronic calorimetry is provided by an iron/scintillator-tile sampling calorimeter for101

|⌘ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with102

forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic103

measurements, respectively.104

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring105

the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision106

chamber system covers the region |⌘ | < 2.7 with three layers of monitored drift tubes, complemented by107

cathode strip chambers in the forward region, where the background is higher. The muon trigger system108

covers the range |⌘ | < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in the endcap109

regions.110

A two-level trigger system is used to select events. There is a low-level hardware trigger implemented111

in custom electronics, which reduces the incoming data rate to a design value of 100 kHz using a subset112

Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )], where E

and pz denote the energy and the component of the particle momentum along the beam direction, respectively.

4th June 2019 – 18:20 4

ATLAS DRAFT

(a)

�̃±
1

�̃�
1

�̃/�̃

�̃/�̃

p

p

�/�
�/�

�̃0
1

�/�
�/�

�̃0
1

(b) (c)

Figure 1: Diagrams of the supersymmetric models considered, with two leptons and weakly interacting particles in
the final state: (a) �̃+1 �̃
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1 production with W -boson-mediated decays, (b) �̃+1 �̃

�
1 production with slepton/sneutrino-

mediated-decays and (c) slepton pair production. In the model with intermediate sleptons, all three flavours (ẽ, µ̃, ⌧̃)
are included, while only ẽ and µ̃ are included in the direct slepton model. In the final state, ` stands for an electron or
muon, which can be produced directly or, in the case of (a) and (b) only, via a leptonically decaying ⌧-lepton with
additional neutrinos.

of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic90

calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.91

The inner-detector (ID) system is immersed in a 2 T axial magnetic field produced by the solenoid and92

provides charged-particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel93

detector, a silicon microstrip tracker and a transition radiation tracker, which enables radially extended94

track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification95

information. During the first LHC long shutdown, a new tracking layer, known as the Insertable B-96

Layer [32], was added with an average sensor radius of 33 mm from the beam pipe to improve tracking and97

b-tagging performance.98

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2,99

electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)100

sampling calorimeters. Hadronic calorimetry is provided by an iron/scintillator-tile sampling calorimeter for101

|⌘ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with102

forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic103

measurements, respectively.104

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring105

the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision106

chamber system covers the region |⌘ | < 2.7 with three layers of monitored drift tubes, complemented by107

cathode strip chambers in the forward region, where the background is higher. The muon trigger system108

covers the range |⌘ | < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in the endcap109

regions.110

A two-level trigger system is used to select events. There is a low-level hardware trigger implemented111

in custom electronics, which reduces the incoming data rate to a design value of 100 kHz using a subset112

Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )], where E

and pz denote the energy and the component of the particle momentum along the beam direction, respectively.
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=> Set of binned “Signal regions” 

(SRs) in mT2 for different light jet 

multiplicities, at high values of missing 

transverse momentum and the new 

object-based missing transverse 

momentum significance.

Eur. Phys. J. C 80 (2020) 123

Dominant background is SM WW background. Aim of this work was to provide a 
(differential) SM measurement in a region of phase space closer to this search.

Sarah Williams: SUSY BGF CR/VR measurements

Summary of analysis strategy

18

ATLAS DRAFT

Table 2: The definitions of the binned and inclusive signal regions. Relevant kinematic variables are defined in the
text. The bins labelled ‘DF’ or ‘SF’ refer to signal regions with di�erent lepton flavour or same lepton flavour pair
combinations, respectively, and the ‘0J’ and ‘1J’ labels refer to the multiplicity of non-b-tagged jets.

Signal region (SR) SR-DF-0J SR-DF-1J SR-SF-0J SR-SF-1J
nnon-b-tagged jets = 0 = 1 = 0 = 1
m`1`2 [GeV] >100 >121.2
E

miss
T [GeV] >110

E
miss
T significance >10

nb-tagged jets = 0
Binned SRs

mT2 [GeV]

2[100,105)
2[105,110)
2[110,120)
2[120,140)
2[140,160)
2[160,180)
2[180,220)
2[220,260)
2[260,1)

Inclusive SRs

mT2 [GeV]
2[100,1)
2[160,1)
2[100,120)
2[120,160)

enriched in the particular background process under study while remaining kinematically similar to the250

SRs. The normalisations of the relevant backgrounds are then validated in a set of validation regions (VRs),251

which are not used to constrain the fit, but are used to verify that the data and predictions agree within252

uncertainties in regions of the parameter space kinematically close to the SRs. Three CRs are used, as253

defined in Table 3: CR-WW, targeting WW production; CR-VZ, targeting W Z and Z Z production, which254

are normalised by using a single parameter in the likelihood fit to the data; and CR-top, targeting tt̄ and255

single-top-quark production, which are also normalised by using a single parameter in the likelihood fit to256

the data. A single normalisation parameter can be used for tt̄ and single-top-quark (Wt) production as the257

relative amounts of each process are similar in the CR and SRs.258

Table 3: Control region definitions for extracting normalisation factors for the dominant background processes. ‘DF’
or ‘SF’ refer to signal regions with di�erent lepton flavour or same lepton flavour pair combinations, respectively.

Region CR-WW CR-VZ CR-top
Lepton flavour DF SF DF
nb-tagged jets = 0 = 0 = 1
nnon-b-tagged jets = 0 = 0 = 0
mT2 [GeV] 2 [60,65] > 120 > 80
E

miss
T [GeV] 2 [60,100] > 110 > 110

E
miss
T significance 2 [5,10] > 10 > 10

m`1`2 [GeV] > 100 2 [61.2,121.2] > 100
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Figure 1: Diagrams of the supersymmetric models considered, with two leptons and weakly interacting particles in
the final state: (a) �̃+1 �̃
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1 production with W -boson-mediated decays, (b) �̃+1 �̃

�
1 production with slepton/sneutrino-

mediated-decays and (c) slepton pair production. In the model with intermediate sleptons, all three flavours (ẽ, µ̃, ⌧̃)
are included, while only ẽ and µ̃ are included in the direct slepton model. In the final state, ` stands for an electron or
muon, which can be produced directly or, in the case of (a) and (b) only, via a leptonically decaying ⌧-lepton with
additional neutrinos.

of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic90

calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.91

The inner-detector (ID) system is immersed in a 2 T axial magnetic field produced by the solenoid and92

provides charged-particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel93

detector, a silicon microstrip tracker and a transition radiation tracker, which enables radially extended94

track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification95

information. During the first LHC long shutdown, a new tracking layer, known as the Insertable B-96

Layer [32], was added with an average sensor radius of 33 mm from the beam pipe to improve tracking and97

b-tagging performance.98

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2,99

electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)100

sampling calorimeters. Hadronic calorimetry is provided by an iron/scintillator-tile sampling calorimeter for101

|⌘ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with102

forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic103

measurements, respectively.104

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring105

the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision106

chamber system covers the region |⌘ | < 2.7 with three layers of monitored drift tubes, complemented by107

cathode strip chambers in the forward region, where the background is higher. The muon trigger system108

covers the range |⌘ | < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in the endcap109

regions.110

A two-level trigger system is used to select events. There is a low-level hardware trigger implemented111

in custom electronics, which reduces the incoming data rate to a design value of 100 kHz using a subset112

Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )], where E

and pz denote the energy and the component of the particle momentum along the beam direction, respectively.
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Figure 1: Diagrams of the supersymmetric models considered, with two leptons and weakly interacting particles in
the final state: (a) �̃+1 �̃

�
1 production with W -boson-mediated decays, (b) �̃+1 �̃

�
1 production with slepton/sneutrino-

mediated-decays and (c) slepton pair production. In the model with intermediate sleptons, all three flavours (ẽ, µ̃, ⌧̃)
are included, while only ẽ and µ̃ are included in the direct slepton model. In the final state, ` stands for an electron or
muon, which can be produced directly or, in the case of (a) and (b) only, via a leptonically decaying ⌧-lepton with
additional neutrinos.

of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic90

calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.91

The inner-detector (ID) system is immersed in a 2 T axial magnetic field produced by the solenoid and92

provides charged-particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel93

detector, a silicon microstrip tracker and a transition radiation tracker, which enables radially extended94

track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification95

information. During the first LHC long shutdown, a new tracking layer, known as the Insertable B-96

Layer [32], was added with an average sensor radius of 33 mm from the beam pipe to improve tracking and97

b-tagging performance.98

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2,99

electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)100

sampling calorimeters. Hadronic calorimetry is provided by an iron/scintillator-tile sampling calorimeter for101

|⌘ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with102

forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic103

measurements, respectively.104

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring105

the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision106

chamber system covers the region |⌘ | < 2.7 with three layers of monitored drift tubes, complemented by107

cathode strip chambers in the forward region, where the background is higher. The muon trigger system108

covers the range |⌘ | < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in the endcap109

regions.110

A two-level trigger system is used to select events. There is a low-level hardware trigger implemented111

in custom electronics, which reduces the incoming data rate to a design value of 100 kHz using a subset112

Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )], where E

and pz denote the energy and the component of the particle momentum along the beam direction, respectively.
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=> Set of binned “Signal regions” 

(SRs) in mT2 for different light jet 

multiplicities, at high values of missing 

transverse momentum and the new 

object-based missing transverse 

momentum significance.

Set of binned SRs in the ‘stransverse
mass variable’ (𝑚!") separated into 
same-flavour SF (𝑒±𝑒∓ or 𝜇±𝜇∓ ) and 
different flavour DF (𝑒±𝜇∓) categories 
and by the light (i.e. non-b-tagged) jet 
multiplicity, at high values of the 
missing transverse momentum and 
object-based missing transverse 
momentum significance. 

https://link.springer.com/article/10.1140/epjc/s10052-019-7594-6?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200217
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-038/
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The ”stransverse mass” variable mT2
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Even more maths...

There are now 2 legs to
the decay...

If the momenta of each of
the “pigs” were available,
two transverse masses
could be calculated and
since each gives a lower
bound on the mass of the
massive particle:

m2
A2 � max{m2

T(p
P,a
T ,pA1,a

T ),m2
T(p

P,b
T ,pA1,b

T )} (⇤)

Don’t know how the momentum is divided up between the lighter aliens- only
have the missing transverse energy available...

Sarah Williams (Cambridge University) HEP Seminar November 4, 2013 32 / 51

mT2 to the rescue...

The solution: If we constrain the sum of the transverse momenta of the light
aliens to equal the missing transverse momentum in the event..

p
miss
T = p

A1,a
T + p

A1,b
T

...then, by noting that (⇤) only holds for the true splitting, the only statement
that can be said about the mass is:

m2
A2 � m2

T2 = min
pmiss

T =p
A1,a
T +p

A1,b
T

[max{m2
T(p

P,a
T ,pA1,a

T ),m2
T(p

P,b
T ,pA1,b

T )}]

Note: By construction mT2 is a function of the mass of the hypothesised
invisible particle- in this case the light alien. If known the mT2 distribution
could be used to obtain bounds on the mass of the heavy alien A2 in the
same way as bounds on the W mass are extracted from transverse mass
distributions.
Now back to the analysis, from now on replace pig! lepton and A2 !
slepton and A1! neutralino...

Sarah Williams (Cambridge University) HEP Seminar November 4, 2013 33 / 51

• Originally designed to measure SUSY 
masses at the LHC.

• Powerful discriminating variable in 
searches for semi-invisibly decaying pair-
produced particles.

• For massless invisible particles, in the 
absence of reconstruction/misidentification
effects expect a kinematic endpoint for 𝑡 ̅𝑡
and WW production at the W-boson mass.

This meant that the search required high mT2 , with events with 𝒎𝑻𝟐 ∈ [𝟔𝟎, 𝟏𝟎𝟎]
GeV being used for estimation and validation of the WW background
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Why produce unfolded WW measurement?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-32/

𝜇'' = 1.25 ± 0.11

WW normalisation and diboson theory 
uncertainties were the main 
uncertainties in the 0-jet SRs -> reduce 
theory uncertainties for future searches?

Plus: exciting potential to use unfolded results to constrain BSM 
physics J (looking for unexpected ‘tails’ in our distributions)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-32/
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Signal region for unfolding
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!"#$%%, !"#$%% significance 

&"'

65

100

!"#$%% = 60 GeV
!"#$%% sig. = 5 

!"#$%% = 100 GeV
!"#$%% sig. = 10

CR-WW

VR-WW-0 

SR

!"#$%% ∈ [60,80]
No !"#$%% sig
requirement

For background 
estimation- use 
same top 
estimation as 
was performed 
for the search!
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Comparison to ATLAS 36 fb-1 SM WW measurement
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We plan produce differential measurements of the same 6 
variables!

𝑝!
() , 𝑚() , 𝑝!

*(+,, 𝑦() , ∆𝜙() , cos 𝜃∗ = tanh
Δ𝜂()
2

For SM measurement 
top background was ~ 
25% in SR. Lower than
for this effort. Use a 
similar unfolding 
strategy (IBU)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/

Eur. Phys. J. C 79 (2019) 884

By considering 0-jet 
events, naturally 
orthogonal to the 
WW+1jet 
measurement

Consider a fiducial region at higher 𝑬𝑻𝒎𝒊𝒔𝒔, and 𝒎𝒆𝝁, as well as having an 𝒎𝑻𝟐
requirement. There’s also a different jet veto. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
https://link.springer.com/article/10.1140/epjc/s10052-019-7371-6?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20191102
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-34/
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Results
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Detector-level Particle-level

“Unfolding”

*First precision measurement performed 
in the ATLAS SUSY group*

• Binning of distributions 
optimized as a function 
of bias/ statistical 
uncertainty.

• Compared to two
NNLO predictions 
(Powheg+Pythia8 + 
Sherpa 2.2.2)
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Consistency with SM measurements
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ATLAS DRAFT

detector-level signal distributions with the alternative S����� @@ ! ,, signal sample introduced in338

Section 3.1 as input to the nominal unfolding procedure, with the result compared to the alternative339

particle-level signal distribution. In all tests the expected particle-level distributions were accurately340

recovered so no additional uncertainties on the unfolded results are applied.341

Finally, statistical uncertainties on the data are calculated using pseudo-experiments that vary the data342

distributions according to their Poisson uncertainties in each bin, which are then passed through the343

unfolding calculation. Statistical uncertainties associated with the simulated MC samples are evaluated344

using a similar technique.345

4 Results346

The measured fiducial cross-section for ,, ! 4
±
a`

⌥
a production for the phase space defined in Table 2347

is:348

f,,!4±a`⌥a = 19.2 ± 0.3 (stat) ± 2.5 (syst) ± 0.4 (lumi) fb = 19.2 ± 2.6 (total) fb.349

Of the categories of systematic uncertainties discussed in Section 3.5, the largest contribution is the350

experimental jet uncertainty which provides a 12% uncertainty on the measured fiducial cross-section.351

The higher jet uncertainties relative to the previous ATLAS 13 TeV ,,+0-jet measurement [14] can be352

attributed to the lower ?T threshold used to define the jet veto. The measured value is compatible with the353

nominal predictions of P����� B�� v2 +P����� 8.186 and S����� 2.2.2 (both combined with S�����354

v2.2.2 +O���L���� (LO+PS) for the 66-initiated states) of 17.8 fb and 17.1 fb respectively. The ratio of355

the measured cross-section to the nominal P����� B�� v2 +P����� 8.186 prediction is 1.08. To compare356

this to the detector-level ,, normalisation factor of 1.25 ± 0.11 in the EWK 2✓+0-jets search [21] this357

ratio must be multiplied by 1.13 to account for the NLO cross-section calculation, which is included in this358

study but not in the EWK 2✓+0-jets search. This gives 1.22, which is consistent with the normalisation359

factor from the EWK 2✓+0-jets search.360

Particle-level di�erential cross section for the six variables targeted in this study are presented in Figure 3361

for the angular variables and Figure 4 for the scale variables. In each case, the right hand plot shows the362

impact of the uncertainties, grouped into the categories discussed in Section 3.5, on the measurement.363

The dilepton rapidity distribution has a maximum between 0 and 1, consistent with the central production of364

a massive diboson system. The |�q4` | distribution peaks at 2. The shape of this distribution is influenced365

by the <T2 selection defining the fiducial region: high |�q4` | values are associated with back-to-back366

leptons which typically give lower <T2 values than are considered in this study. Conversely, the highest367

<T2 values (which for ,, production should occur around 90 GeV in the absence of detector e�ects) are368

often associated with collinear leptons (low |�q4` |) which are also excluded from the fiducial region. The369

cos \⇤ distribution peaks around 0.8, with higher values being suppressed by the rapidity acceptance of the370

fiducial phase space. The scale variables all show the expected characteristic fall toward high values. The371

leading lepton and dilepton ?T are also suppressed at lower values due to the fiducial phase space cuts.372

The measurements are compared to the @@-initiated NLO QCD+PS predictions from P����� B�� v2373

+P����� 8.186 and S����� v2.2.2, each combined with S����� v2.2.2 +O���L���� (LO+PS) for the374

66-initiated states. For the angular variables, the region with |�q4` | < 1.5 is underestimated by both375

theory predictions, which is consistent with observations in the previous ATLAS 13 TeV ,,+0-jet376

measurement [14]. The region cos \⇤ > 0.8 is also underestimated by 10-30% by both predictions. This377

corresponds to a rapidity di�erence between the leptons of |� H | � 2.2. For the dilepton rapidity distribution378
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• Powheg+Pythia qq->WW + Sherpa gg->WW 
predicts 17.8 fb when the NLO k-factors are 
applied (1.13 for the powheg WW sample).

• Normalisation factor from the EWK 2l+0jets 
search was 1.25 +- 0.11. 

• 1.13* 19.2/17.2 =1.22 -> very consistent.

When the higher order cross-section 
calculations are used, level of disagreement in 
the particle-level measurements is consistent 
with that seen in previous SM measurements
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Systematic uncertainties
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Our measurement 2l+0jets search

(With jet veto optimized to 
reduce JES/JER uncertainties)

WW+0jet 36 /fb measurement

• Thoughts for the future: should we be optimizing further to reduce specific 
systematics in our searches?

• Think about possible SM measurements when designing searches.

Jet uncertainties ~ 12% impact on 
fiducial cross-section



Sarah Williams- IOP half-day meeting- 15/6/2022

Possible constraints on new physics from 
measurements?
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https://hepcedar.gitlab.io/contur-webpage

CONTUR reports 74% exclusion for the C1C1 
via WW (150,50) GeV point (unexcluded by 
the EWK 2l+0jets first wave search) using the 
SM WW+0-jet measurement:

• Adding additional measurements in more 
extreme topologies could improve this 
sensitivity.

• Next steps: calculate impact of our 
measurement on NP models using Rivet 
routine in CONTUR. 

Thanks to Tony Yue + Jon Butterworth for technical help in this exercise J

https://hepcedar.gitlab.io/contur-webpage
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Conclusions/outlook

• Have presented the first results of a precision 
measurement of WW production in a SUSY-
inspired phase space.

• Continuing this programme of measurements will 
greatly enhance our future searches.

• Points for discussion:

• How can we make these measurements most 
useful for further reinterpretation?

• How to improve complementarity between SM 
measurements?

• Any other questions or comments?

20

Lets continue to 
“bridge” the gap 
between searches and 
measurements…
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BACKUP
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Detailed results of unfolding exercise 
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ATLAS-CONF-2022-011

https://cds.cern.ch/record/2805215
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Detailed results of unfolding exercise 
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ATLAS-CONF-2022-011

https://cds.cern.ch/record/2805215
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https://cds.cern.ch/record/2805215
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Detailed results of unfolding exercise 
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ATLAS-CONF-2022-011

https://cds.cern.ch/record/2805215
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Detailed results of unfolding exercise 

26

ATLAS-CONF-2022-011

https://cds.cern.ch/record/2805215
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Detailed results of unfolding exercise 
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ATLAS-CONF-2022-011

https://cds.cern.ch/record/2805215
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2L+0jets control and validation regions 
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Regions with 𝑚!" ∈ [60,100] GeV 
used for estimation and validation 
of the WW background. Lowest 
mT2 range used for CR to 
maximise the WW purity. 

VR-top-WW was introduced to validate the top modelling in CR-WW, which is at 
lower 𝐸!3455 and 𝐸!3455 significance than CR-top. Detailed studying on the top (mis) 
modelling at lower 𝐸!3455 significance values in 0-jet events were performed, but 
should (hopefully) impact this effort less (no explicit 𝐸!3455 significance requirement)


