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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 140 m(χ̃

0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 140 m(q̃)-m(χ̃

0
1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 140 m(χ̃

0
1)=0 GeV 2010.142932.3g̃

m(χ̃
0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃
0
1

1 e, µ 2-6 jets 140 m(χ̃
0
1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Emiss
T 140 m(χ̃

0
1)<700 GeV 2204.130722.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 140 m(χ̃

0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 140 m(g̃)-m(χ̃
0
1)=200 GeV 2307.010941.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 140 m(χ̃

0
1)<500 GeV 2211.080282.45g̃

SS e, µ 6 jets 140 m(g̃)-m(χ̃
0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b Emiss
T 140 m(χ̃

0
1)<400 GeV 2101.125271.255b̃1

10 GeV<∆m(b̃1,χ̃
0
1)<20 GeV 2101.125270.68b̃1

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 140 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

2 τ 2 b Emiss
T 140 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV 2103.081890.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ ≥ 1 jet Emiss
T 140 m(χ̃

0
1)=1 GeV 2004.14060, 2012.037991.25t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 140 m(χ̃

0
1)=500 GeV 2012.03799, ATLAS-CONF-2023-0431.05t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 140 m(τ̃1)=800 GeV 2108.076651.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

0 e, µ mono-jet Emiss
T 140 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1→tχ̃
0
2, χ̃

0
2→Z/hχ̃

0
1

1-2 e, µ 1-4 b Emiss
T 140 m(χ̃

0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 140 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ Multiple ℓ/jets Emiss
T 140 m(χ̃

0
1)=0, wino-bino 2106.01676, 2108.075860.96χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 jet Emiss

T 140 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV, wino-bino 1911.126060.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 140 m(χ̃

0
1)=0, wino-bino 1908.082150.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh Multiple ℓ/jets Emiss
T 140 m(χ̃

0
1)=70 GeV, wino-bino 2004.10894, 2108.075861.06χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden
χ̃±

1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 140 m(ℓ̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 140 m(χ̃
0
1)=0 ATLAS-CONF-2023-0290.48τ̃ [τ̃R, τ̃R,L] 0.34τ̃ [τ̃R, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 140 m(χ̃

0
1)=0 1908.082150.7ℓ̃

ee, µµ ≥ 1 jet Emiss
T 140 m(ℓ̃)-m(χ̃

0
1)=10 GeV 1911.126060.26ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 140 BR(χ̃

0
1 → hG̃)=1 To appear0.94H̃

4 e, µ 0 jets Emiss
T 140 BR(χ̃

0
1 → ZG̃)=1 2103.116840.55H̃

0 e, µ ≥ 2 large jets Emiss
T 140 BR(χ̃

0
1 → ZG̃)=1 2108.075860.45-0.93H̃

2 e, µ ≥ 2 jets Emiss
T 140 BR(χ̃

0
1 → ZG̃)=BR(χ̃

0
1 → hG̃)=0.5 2204.130720.77H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 140 Pure Wino 2201.024720.66χ̃±
1

Pure higgsino 2201.024720.21χ̃±
1

Stable g̃ R-hadron pixel dE/dx Emiss
T 140 2205.060132.05g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

pixel dE/dx Emiss
T 140 m(χ̃

0
1)=100 GeV 2205.060132.2g̃ [τ( g̃) =10 ns]

ℓ̃ℓ̃, ℓ̃→ℓG̃ Displ. lep Emiss
T 140 τ(ℓ̃) = 0.1 ns 2011.078120.7ẽ, µ̃

τ(ℓ̃) = 0.1 ns 2011.078120.34τ̃
pixel dE/dx Emiss

T 140 τ(ℓ̃) = 10 ns 2205.060130.36τ̃

χ̃±
1
χ̃∓

1 /χ̃
0
1 , χ̃

±
1→Zℓ→ℓℓℓ 3 e, µ 140 Pure Wino 2011.105431.05χ̃∓

1 /χ̃
0

1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓
1 /χ̃

0

1 [BR(Zτ)=1, BR(Ze)=1]

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 140 m(χ̃
0
1)=200 GeV 2103.116841.55χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.95χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq ≥8 jets 140 Large λ′′

112 To appear2.25g̃ [m(χ̃
0

1)=50 GeV, 1250 GeV] 1.6g̃ [m(χ̃
0

1)=50 GeV, 1250 GeV]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃
±
1 , χ̃

±
1 → bbs ≥ 4b 140 m(χ̃

±
1 )=500 GeV 2010.010150.95t̃̃t Forbidden

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

χ̃±
1 /χ̃

0
2/χ̃

0
1, χ̃0

1,2
→tbs, χ̃

+

1→bbs 1-2 e, µ ≥6 jets 140 Pure higgsino 2106.096090.2-0.32χ̃0

1

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
August 2023

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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0
2 , χ̃
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1)=130 GeV, m(χ̃
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t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ ≥ 1 jet Emiss
T 140 m(χ̃

0
1)=1 GeV 2004.14060, 2012.037991.25t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 140 m(χ̃

0
1)=500 GeV 2012.03799, ATLAS-CONF-2023-0431.05t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 140 m(τ̃1)=800 GeV 2108.076651.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

0 e, µ mono-jet Emiss
T 140 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1→tχ̃
0
2, χ̃

0
2→Z/hχ̃

0
1

1-2 e, µ 1-4 b Emiss
T 140 m(χ̃

0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 140 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ Multiple ℓ/jets Emiss
T 140 m(χ̃

0
1)=0, wino-bino 2106.01676, 2108.075860.96χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 jet Emiss

T 140 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV, wino-bino 1911.126060.205χ̃±

1 /χ̃
0
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1 via WW 2 e, µ Emiss
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0
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Abstract This paper presents a measurement of fiducial
and differential cross-sections for W+W− production in
proton–proton collisions at

√
s = 13 TeV with the ATLAS

experiment at the Large Hadron Collider using a dataset cor-
responding to an integrated luminosity of 139 fb−1. Events
with exactly one electron, one muon and no hadronic jets
are studied. The fiducial region in which the measurements
are performed is inspired by searches for the electroweak
production of supersymmetric charginos decaying to two-
lepton final states. The selected events have moderate values
of missing transverse momentum and the ‘stransverse mass’
variablemT2, which is widely used in searches for supersym-
metry at the LHC. The ranges of these variables are chosen
so that the acceptance is enhanced for direct W+W− pro-
duction and suppressed for production via top quarks, which
is treated as a background. The fiducial cross-section and
particle-level differential cross-sections for six variables are
measured and compared with two theoretical SM predictions
from perturbative QCD calculations.

1 Introduction

Measurements of W+W− (referred to hereafter as WW ) pro-
duction provide important tests of the electroweak (EWK)
gauge structure of the Standard Model (SM) of particle
physics, and WW production is also an important back-
ground process in searches for physics beyond the SM (BSM
physics). In searches for supersymmetry [1–6] (SUSY)
where WW events are a significant background, a semi-
data-driven approach is often taken, that involves normal-
ising the simulated Monte Carlo (MC) samples to data in
a control region (CR), designed to be kinematically similar
to the search regions but enriched in SM WW production.
Significant deviations of these scaling factors from unity sug-
gest mismodelling in the phase space targeted by the search,
but it can be difficult to make comparisons with the level of
agreement observed in precision SM measurements because
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the scaling factors refer to detector-level quantities which
are subject to mis-measurement and inefficiency. Producing
‘unfolded’ particle-level measurements, which are corrected
for these effects and can directly be compared with the predic-
tion of a MC event generator, in event topologies associated
with search results is a novel way to address this whilst simul-
taneously extending the programme of precision SM mea-
surements at the LHC. The ATLAS experiment [7] has pre-
viously reported differential measurements of t t̄ and Z+jets
production in regions related to a search for leptoquarks in
dilepton+dijet events [8]. This paper presents the first effort to
measure WW production cross-sections in topologies asso-
ciated with SUSY searches.

Inclusive and fiducialWW production cross-sections have
been measured in proton–proton (pp) collisions at

√
s =

7 TeV [9,10], 8 TeV [11–13] and 13 TeV [14–17] at the
LHC, as well as in e+e− collisions at LEP [18] and in p p̄ col-
lisions at the Tevatron [19–21]. This analysis complements
existing ATLAS measurements of WW production at 13 TeV
in 0-jet events [15] and in ≥ 1-jet events [16] by measuring
differential cross-sections in a fiducial region kinematically
close to the WW control region used in a previous search
for electroweak production of supersymmetric charginos or
sleptons [22]. That search targeted electroweak production
of SUSY particles decaying into final states with two lep-
tons (electrons or muons) and missing transverse momen-
tum using 139 fb−1 of pp collisions at 13 TeV collected
during Run 2 of the LHC and is referred to hereafter as
the ‘EWK 2ℓ+0-jets search’. In that search, WW production
was the main background process and the associated the-
oretical uncertainties were among the dominant systematic
uncertainties in the search regions. The present measurement
targets event topologies with higher values of the dilepton
invariant mass, meµ, and the magnitude of the missing trans-
verse momentum, Emiss

T , than were used in previous measure-
ments, and can thus be used to provide additional constraints
on BSM physics, and probe the expected SM backgrounds
for future searches.
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data-driven approach is often taken, that involves normal-
ising the simulated Monte Carlo (MC) samples to data in
a control region (CR), designed to be kinematically similar
to the search regions but enriched in SM WW production.
Significant deviations of these scaling factors from unity sug-
gest mismodelling in the phase space targeted by the search,
but it can be difficult to make comparisons with the level of
agreement observed in precision SM measurements because
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for these effects and can directly be compared with the predic-
tion of a MC event generator, in event topologies associated
with search results is a novel way to address this whilst simul-
taneously extending the programme of precision SM mea-
surements at the LHC. The ATLAS experiment [7] has pre-
viously reported differential measurements of t t̄ and Z+jets
production in regions related to a search for leptoquarks in
dilepton+dijet events [8]. This paper presents the first effort to
measure WW production cross-sections in topologies asso-
ciated with SUSY searches.

Inclusive and fiducialWW production cross-sections have
been measured in proton–proton (pp) collisions at
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7 TeV [9,10], 8 TeV [11–13] and 13 TeV [14–17] at the
LHC, as well as in e+e− collisions at LEP [18] and in p p̄ col-
lisions at the Tevatron [19–21]. This analysis complements
existing ATLAS measurements of WW production at 13 TeV
in 0-jet events [15] and in ≥ 1-jet events [16] by measuring
differential cross-sections in a fiducial region kinematically
close to the WW control region used in a previous search
for electroweak production of supersymmetric charginos or
sleptons [22]. That search targeted electroweak production
of SUSY particles decaying into final states with two lep-
tons (electrons or muons) and missing transverse momen-
tum using 139 fb−1 of pp collisions at 13 TeV collected
during Run 2 of the LHC and is referred to hereafter as
the ‘EWK 2ℓ+0-jets search’. In that search, WW production
was the main background process and the associated the-
oretical uncertainties were among the dominant systematic
uncertainties in the search regions. The present measurement
targets event topologies with higher values of the dilepton
invariant mass, meµ, and the magnitude of the missing trans-
verse momentum, Emiss

T , than were used in previous measure-
ments, and can thus be used to provide additional constraints
on BSM physics, and probe the expected SM backgrounds
for future searches.
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Table 4 Chi-squared per number of degrees of freedom χ2/NDF for a
comparison of unfolded distributions with different theory predictions.
The calculation takes into account bin-by-bin correlations of systematic

and statistical uncertainties. Uncertainties in the theory predictions are
not considered

|yeµ| |"φeµ| cos θ∗ plead ℓ
T meµ peµT

Powheg Box v2+Pythia8 (qq̄)
and Sherpa 2.2.2 +Open Loops
(gg)

14.4/8 10.1/10 13.3/7 15.4/6 2.8/6 3.9/5

Sherpa 2.2.2 (qq̄) and
Sherpa 2.2.2 +Open Loops
(gg)

18.3/8 17.9/10 24.5/7 24.1/6 2.5/6 4.1/5

also underestimated by 10–30% by both predictions. This
corresponds to a rapidity difference of |"y(eµ)| ≥ 2.2
between the leptons. For the distribution of dilepton rapid-
ity |yeµ|, the theory shows reasonable agreement with the
measurement. The predictions for the scale variables show
good agreement with the data except for low values of plead ℓ

T ,
where both predictions underestimate the cross-section by
20–25%. Global χ2 calculations are carried out for all pre-
dictions and are displayed in Table 4. Uncertainties in the
theory predictions are not considered. The largest χ2/NDF
is 24.1/6 corresponding to the comparison between theqq̄ →
WW (Sherpa 2.2.2) + gg → WW (Sherpa 2.2.2 +Open
Loops) prediction and the unfolded distribution for plead ℓ

T .

5 Conclusion

The cross-section for WW → e±νµ∓ν production in pp
collisions at

√
s = 13 TeV is measured with the ATLAS

detector at the LHC in a fiducial phase-space characterised
by the absence of jets and additional leptons, the presence
of a high dilepton invariant mass meµ, and with values of
Emiss

T and the stransverse mass mT2 motivated by the control
regions used in supersymmetry searches [22]. The measured
cross-section is σ (WW → e±νµ∓ν) = 19.2 ± 0.3 (stat)±
2.5 (syst)±0.4 (lumi) fb. Differential cross-sections for three
variables sensitive to the energy scale of the event and three
variables sensitive to the angular correlations of the leptonic
decay products are compared with two theoretical SM predic-
tions from perturbative QCD calculations. Good agreement is
observed for most distributions within the uncertainties. The
largest discrepancies occur at low values of |"φeµ| < 1.5,
high values of cos θ∗ > 0.8 and low plead ℓ

T , which is consis-
tent with the observations of the previous ATLAS WW+0-
jet measurement [15]. This study validates the SM in a new
and interesting region motivated particularly by searches for
supersymmetry and provides benchmark measurements that
can be used to improve future SM predictions and calculate
additional constraints on BSM models.

Acknowledgements We thank CERN for the very successful oper-
ation of the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently. We acknowl-
edge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Aus-
tralia; BMWFW and FWF, Austria; ANAS, Azerbaijan; CNPq and
FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; ANID, Chile;
CAS, MOST and NSFC, China; Minciencias, Colombia; MEYS CR,
Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS and
CEA-DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF and MPG,
Germany; GSRI, Greece; RGC and Hong Kong SAR, China; ISF and
Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST,
Morocco; NWO, Netherlands; RCN, Norway; MEiN, Poland; FCT, Por-
tugal; MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia; ARRS
and MIZŠ, Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC
and Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of
Bern and Geneva, Switzerland; MOST, Taiwan; TENMAK, Türkiye;
STFC, United Kingdom; DOE and NSF, United States of America. In
addition, individual groups and members have received support from
BCKDF, CANARIE, Compute Canada and CRC, Canada; PRIMUS
21/SCI/017 and UNCE SCI/013, Czech Republic; COST, ERC, ERDF,
Horizon 2020 and Marie Skłodowska-Curie Actions, European Union;
Investissements d’Avenir Labex, Investissements d’Avenir Idex and
ANR, France; DFG and AvH Foundation, Germany; Herakleitos, Thales
and Aristeia programmes co-financed by EU-ESF and the Greek NSRF,
Greece; BSF-NSF and MINERVA, Israel; Norwegian Financial Mech-
anism 2014–2021, Norway; NCN and NAWA, Poland; La Caixa Bank-
ing Foundation, CERCA Programme Generalitat de Catalunya and
PROMETEO and GenT Programmes Generalitat Valenciana, Spain;
Göran Gustafssons Stiftelse, Sweden; The Royal Society and Lever-
hulme Trust, United Kingdom. The crucial computing support from
all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Den-
mark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany),
INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and
large non-WLCG resource providers. Major contributors of computing
resources are listed in Ref. [103].

Data Availability Statement This manuscript has associated data in
a data repository. [Authors’ comment: All ATLAS scientific output is
published in journals, and preliminary results are made available in
Conference Notes. All are openly available, without restriction on use
by external parties beyond copyright law and the standard conditions
agreed by CERN. Data associated with journal publications are also
made available: tables and data from plots (e.g. cross section values,
likelihood profiles, selection efficiencies, cross section limits, ...) are
stored in appropriate repositories such as HEPDATA (http://hepdata.
cedar.ac.uk/). ATLAS also strives to make additional material related
to the paper available that allows a reinterpretation of the data in the
context of new theoretical models. For example, an extended encap-
sulation of the analysis is often provided for measurements in the

123

https://indico.cern.ch/event/1375202/


https://indico.cern.ch/event/1375202/ - April 25th 2024 - Roberto Franceschini - LHC top WG

Eur. Phys. J. C          (2023) 83:718 
https://doi.org/10.1140/epjc/s10052-023-11508-9

Regular Article - Experimental Physics

Measurements of W+W− production in decay topologies inspired
by searches for electroweak supersymmetry
ATLAS Collaboration⋆

CERN, 1211 Geneva 23, Switzerland

Received: 1 July 2022 / Accepted: 9 October 2022
© CERN for the benefit of the ATLAS collaboration 2023

Abstract This paper presents a measurement of fiducial
and differential cross-sections for W+W− production in
proton–proton collisions at

√
s = 13 TeV with the ATLAS

experiment at the Large Hadron Collider using a dataset cor-
responding to an integrated luminosity of 139 fb−1. Events
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are studied. The fiducial region in which the measurements
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production of supersymmetric charginos decaying to two-
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variablemT2, which is widely used in searches for supersym-
metry at the LHC. The ranges of these variables are chosen
so that the acceptance is enhanced for direct W+W− pro-
duction and suppressed for production via top quarks, which
is treated as a background. The fiducial cross-section and
particle-level differential cross-sections for six variables are
measured and compared with two theoretical SM predictions
from perturbative QCD calculations.
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Measurements of W+W− (referred to hereafter as WW ) pro-
duction provide important tests of the electroweak (EWK)
gauge structure of the Standard Model (SM) of particle
physics, and WW production is also an important back-
ground process in searches for physics beyond the SM (BSM
physics). In searches for supersymmetry [1–6] (SUSY)
where WW events are a significant background, a semi-
data-driven approach is often taken, that involves normal-
ising the simulated Monte Carlo (MC) samples to data in
a control region (CR), designed to be kinematically similar
to the search regions but enriched in SM WW production.
Significant deviations of these scaling factors from unity sug-
gest mismodelling in the phase space targeted by the search,
but it can be difficult to make comparisons with the level of
agreement observed in precision SM measurements because
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the scaling factors refer to detector-level quantities which
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‘unfolded’ particle-level measurements, which are corrected
for these effects and can directly be compared with the predic-
tion of a MC event generator, in event topologies associated
with search results is a novel way to address this whilst simul-
taneously extending the programme of precision SM mea-
surements at the LHC. The ATLAS experiment [7] has pre-
viously reported differential measurements of t t̄ and Z+jets
production in regions related to a search for leptoquarks in
dilepton+dijet events [8]. This paper presents the first effort to
measure WW production cross-sections in topologies asso-
ciated with SUSY searches.

Inclusive and fiducialWW production cross-sections have
been measured in proton–proton (pp) collisions at

√
s =

7 TeV [9,10], 8 TeV [11–13] and 13 TeV [14–17] at the
LHC, as well as in e+e− collisions at LEP [18] and in p p̄ col-
lisions at the Tevatron [19–21]. This analysis complements
existing ATLAS measurements of WW production at 13 TeV
in 0-jet events [15] and in ≥ 1-jet events [16] by measuring
differential cross-sections in a fiducial region kinematically
close to the WW control region used in a previous search
for electroweak production of supersymmetric charginos or
sleptons [22]. That search targeted electroweak production
of SUSY particles decaying into final states with two lep-
tons (electrons or muons) and missing transverse momen-
tum using 139 fb−1 of pp collisions at 13 TeV collected
during Run 2 of the LHC and is referred to hereafter as
the ‘EWK 2ℓ+0-jets search’. In that search, WW production
was the main background process and the associated the-
oretical uncertainties were among the dominant systematic
uncertainties in the search regions. The present measurement
targets event topologies with higher values of the dilepton
invariant mass, meµ, and the magnitude of the missing trans-
verse momentum, Emiss

T , than were used in previous measure-
ments, and can thus be used to provide additional constraints
on BSM physics, and probe the expected SM backgrounds
for future searches.
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particle-level differential cross-sections for six variables are
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from perturbative QCD calculations.

1 Introduction
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where WW events are a significant background, a semi-
data-driven approach is often taken, that involves normal-
ising the simulated Monte Carlo (MC) samples to data in
a control region (CR), designed to be kinematically similar
to the search regions but enriched in SM WW production.
Significant deviations of these scaling factors from unity sug-
gest mismodelling in the phase space targeted by the search,
but it can be difficult to make comparisons with the level of
agreement observed in precision SM measurements because
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the scaling factors refer to detector-level quantities which
are subject to mis-measurement and inefficiency. Producing
‘unfolded’ particle-level measurements, which are corrected
for these effects and can directly be compared with the predic-
tion of a MC event generator, in event topologies associated
with search results is a novel way to address this whilst simul-
taneously extending the programme of precision SM mea-
surements at the LHC. The ATLAS experiment [7] has pre-
viously reported differential measurements of t t̄ and Z+jets
production in regions related to a search for leptoquarks in
dilepton+dijet events [8]. This paper presents the first effort to
measure WW production cross-sections in topologies asso-
ciated with SUSY searches.

Inclusive and fiducialWW production cross-sections have
been measured in proton–proton (pp) collisions at
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s =

7 TeV [9,10], 8 TeV [11–13] and 13 TeV [14–17] at the
LHC, as well as in e+e− collisions at LEP [18] and in p p̄ col-
lisions at the Tevatron [19–21]. This analysis complements
existing ATLAS measurements of WW production at 13 TeV
in 0-jet events [15] and in ≥ 1-jet events [16] by measuring
differential cross-sections in a fiducial region kinematically
close to the WW control region used in a previous search
for electroweak production of supersymmetric charginos or
sleptons [22]. That search targeted electroweak production
of SUSY particles decaying into final states with two lep-
tons (electrons or muons) and missing transverse momen-
tum using 139 fb−1 of pp collisions at 13 TeV collected
during Run 2 of the LHC and is referred to hereafter as
the ‘EWK 2ℓ+0-jets search’. In that search, WW production
was the main background process and the associated the-
oretical uncertainties were among the dominant systematic
uncertainties in the search regions. The present measurement
targets event topologies with higher values of the dilepton
invariant mass, meµ, and the magnitude of the missing trans-
verse momentum, Emiss

T , than were used in previous measure-
ments, and can thus be used to provide additional constraints
on BSM physics, and probe the expected SM backgrounds
for future searches.
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Table 4 Chi-squared per number of degrees of freedom χ2/NDF for a
comparison of unfolded distributions with different theory predictions.
The calculation takes into account bin-by-bin correlations of systematic

and statistical uncertainties. Uncertainties in the theory predictions are
not considered
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18.3/8 17.9/10 24.5/7 24.1/6 2.5/6 4.1/5

also underestimated by 10–30% by both predictions. This
corresponds to a rapidity difference of |"y(eµ)| ≥ 2.2
between the leptons. For the distribution of dilepton rapid-
ity |yeµ|, the theory shows reasonable agreement with the
measurement. The predictions for the scale variables show
good agreement with the data except for low values of plead ℓ

T ,
where both predictions underestimate the cross-section by
20–25%. Global χ2 calculations are carried out for all pre-
dictions and are displayed in Table 4. Uncertainties in the
theory predictions are not considered. The largest χ2/NDF
is 24.1/6 corresponding to the comparison between theqq̄ →
WW (Sherpa 2.2.2) + gg → WW (Sherpa 2.2.2 +Open
Loops) prediction and the unfolded distribution for plead ℓ

T .

5 Conclusion

The cross-section for WW → e±νµ∓ν production in pp
collisions at

√
s = 13 TeV is measured with the ATLAS

detector at the LHC in a fiducial phase-space characterised
by the absence of jets and additional leptons, the presence
of a high dilepton invariant mass meµ, and with values of
Emiss

T and the stransverse mass mT2 motivated by the control
regions used in supersymmetry searches [22]. The measured
cross-section is σ (WW → e±νµ∓ν) = 19.2 ± 0.3 (stat)±
2.5 (syst)±0.4 (lumi) fb. Differential cross-sections for three
variables sensitive to the energy scale of the event and three
variables sensitive to the angular correlations of the leptonic
decay products are compared with two theoretical SM predic-
tions from perturbative QCD calculations. Good agreement is
observed for most distributions within the uncertainties. The
largest discrepancies occur at low values of |"φeµ| < 1.5,
high values of cos θ∗ > 0.8 and low plead ℓ

T , which is consis-
tent with the observations of the previous ATLAS WW+0-
jet measurement [15]. This study validates the SM in a new
and interesting region motivated particularly by searches for
supersymmetry and provides benchmark measurements that
can be used to improve future SM predictions and calculate
additional constraints on BSM models.
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Figure 1
Searches for top sector supersymmetric partners in the stop-LSP (lightest supersymmetric particle) mass plane. Units for the inset are
the same as those of the main graph. Data from References 34–43; reference numbers are indicated in parentheses in the key to the
right of the graphs. Figure adapted from Reference 44 (CC BY 4.0).

to be one of the best chances to find New Physics. One could even argue that in the minimal
model of supersymmetry, the relatively large observed Higgs boson mass requires large loop-level
corrections from contributions of the kind in Equation 3. These large loop corrections point
toward a mass scale of TeV or larger for stop squarks, which is compatible with present limits and
possibly awaits discovery in future updates to searches as more data are collected at the LHC.

As the mass scale of top quark supersymmetric partners is not entirely fixed, these particles
may be too heavy to be discovered by the LHC. Therefore, the discovery reach for these particles
is often considered in the evaluation of the physics case of future particle accelerators. Projections
for a 100 TeV pp collider (54, 55) usually cover a mass range that is five to eight times larger
than what can be probed at the LHC, whereas a high-energy lepton collider, such as a multi-TeV
muon collider (56–60), is expected to probe the existence of top partners up to the kinematic limit
at

√
s/2.

2.2. Composite and Pseudo-Nambu–Goldstone Boson/Little Higgs Models
Another approach that motivates New Physics associated with the top quark sector is the idea
that the Higgs boson is a composite particle, generated by new interactions at a mass scale much
larger than 1 TeV. The large gap between this scale and the TeV scale is explained by interpreting
the Higgs doublet as a set of Nambu–Goldstone bosons associated with spontaneous symmetry
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Figure 7: Post-fit distributions of ?✓T with data and MC for (a) ,+ ! 4
+
a4, (b) ,� ! 4

�
a4, (c) ,+ ! `

+
a` and

(d) ,� ! `
�
a`, inclusive over all [ regions, and using the CT18 PDF set. In the bottom panels, the darker points

represent the post-fit ratio of data to MC, while the lighter points indicate the ratio before the fit. The hatched band
represents the total uncertainty of the data.
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Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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Figure 2: New physics contributions to `+ /ET for the di↵erent models that we consider.
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Figure 9: The ten nuisance parameters inducing the largest shifts on the fitted value of <, in the combined PLH fits,
using the (a) ?✓T and (b) <T distributions and the CT18 PDF set. For a given NP \, the shift is defined as the product
of its post-fit value \̂ and its pre-fit impact on <, . The points, which are plotted according to the bottom horizontal
scale, show \̂ for each of the nuisance parameters. The error bars show the corresponding post-fit uncertainties, f

\̂
.

The nuisance parameters are ranked according to the shift induced on <, , the NPs with the largest shifts at the top.
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using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ � L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�

⇢⌫µ + µ̄�⇢µ� ⌫̄⌧�
⇢⌫⌧ � ⌧̄ �⇢⌧). (2)

The term Z 0
⇢J

⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.

This model has been extensively studied as a possi-
ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).
We estimate the sensitivity and the impact of our NP

hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX

i=1

⇣
N i

ev(�mW ,�NP)�N
i
ev

⌘2

�2
stat + �2

sys

,

(3)

where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more
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(a) pp ! µ ⌫µ Z0

(b) pp ! µ̃ ⌫̃µ

Figure 2: LHC 95% CL projected sensitivity to (a) Lµ�L⌧ and (b) MSSM slepton-sneutrino production. All the lines
include detector simulations. Pileup (hµi = 50), simulated through the dedicated Delphes ATLAS card, is included
unless indicated otherwise. In the SUSY projections, we include the no pileup (hµi = 0) lines only for the competitive
run-2 projections. Present bounds are obtained from [26] and [27] respectively for the left and right figure.

II. INVISIBLE NEW PHYSICS BEHIND THE
SEMI-INVISIBLE W-BOSON

The W -boson mass measurement is special. The re-
markable precision, reached by hadron colliders, relies
only on the partially visible leptonic decays. The masses
of other heavy SM bosons are instead extracted from fully
visible and clean final states (e.g., h ! ��, Z ! `+`�),
hence resonance reconstruction is possible in a narrow
region. For hadronic W -boson decays, resonance recon-
struction is plagued by the challenges of QCD observ-
ables. The semi-invisible final state of leptonicW -decays,
namely `+MET, is cleaner, but it presents a good hide-
out for invisible NP.

Given that the W -boson decay cannot be fully recon-
structed, the measurement of the mW is a result of the
fit to the lepton p`T and the transverse mass mT distri-
butions.1 Hence, any BSM that contributes to the same
final state, modifying these kinematic distributions, can
a↵ect the mW measurement. Such NP can be classified
in three possibilities:

(A) anomalous W -boson decay,

(B) anomalous W -boson production,

(C) `+MET not from an on-shell W -boson, ` = (e, µ).

1 CDF also fits the missing transverse momentum pmiss
T distribu-

tion.

The first (second) possibility includes all BSM models
that modify the W -boson decay (production), yet result-
ing in `+MET. Option (C) collects all BSM models that
can produce an `+MET final state, without the involve-
ment of any on-shell W -boson. This category includes
the production of new particles, decaying into `+MET,
and new interactions among quark/gluons and leptons.2

Here we explore two simple, yet relevant, case stud-
ies that cover options (A) and (C). In Sec. III, we focus
on anomalous W -boson decay in the invisibly-decaying
Lµ � L⌧ gauge boson scenario (Fig. 1 left). This rep-
resents a proof-of-principle of our idea, highlighting the
relevant points with rather simple phenomenology. Nev-
ertheless, we find that the mW measurement represents a
competitive probe for this model (see Fig. 2a). In Sec. IV
we focus on category (C), using ⌫̃ ˜̀ production in SUSY
as an example. This production mechanism is not cur-
rently investigated at the LHC. Remarkably, our results
in Fig. 2b show that the mW measurement can cover an
unexplored parameter space of slepton searches.
In a follow-up paper [31], we will study additional ex-

amples of category (A) and an illustration of category
(B): a Z 0-boson gauging baryon number (see [32] and ref-
erences therein). Overall, our two papers thus represent
a comprehensive study of probing NP giving ` + MET

2 Examples of this are dim-6 quark-lepton four fermion operators
that mediate qq ! ` ⌫` processes. The latter are usually very
well constrained by high-energy measurements [28–30].

Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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Figure 2: New physics contributions to `+ /ET for the di↵erent models that we consider.
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p
`
T p

miss
T mT |~uT | mT range p

`
T range

ATLAS [23, 24]

(W ! µ ⌫µ)

> 30 (analysis)

> 18 (trigger)
> 30 > 60 < 30 [60, 100] [30, 50]

Sec. 3.1 (W ! µ⌫µ�) > 20 > 20 > 40 < 30 [40, 100] [20, 50]

Sec. 3.2 (W ! µ⌫4) > 20 > 20 > 40 < 30 [40, 100] [20, 50]

Sec. 4 (pp ! WZ
0) > 30 > 30 > 60 < 30 [60, 140] [30, 70]

CDF (µ) [25]
[30, 55] (analysis)

> 18 (trigger)
[30, 55] [60, 100] < 15 [65, 90] [32, 48]

Sec. 3.1 (W ! µ⌫µ�) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Sec. 3.2 (W ! µ⌫4) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Table 1: Kinematic cuts and analysis ranges considered in our fit and in the latest W -mass

measurements [23–25]. All the number are measured in GeV. The hadronic recoil vector

is denoted by ~uT . For our LHC projections, we construct 2 GeV bins for mT and 1 GeV

bins for p`T [24], unless otherwise specified. For the CDF projections, we construct 0.5 GeV

bins for mT and 0.25 GeV bins for p`T , p
miss
T [25]. The analysis ranges of p`T apply also to

p
miss
T in the CDF analyses.

W -boson mass is not a crucial input. This is because the majority of the sensitivity to

new physics comes from regions of the kinematic distributions in which the SM processes

are relatively rare, thus a moderately S/B is typical for this search strategy. Thus, after

careful testing of this step, we assume mW to be a know parameter from other experiments

or other analyses, or both, and set �mW = 0 in Eq. (2.3).

Figure 3: Normalized kinematic distributions for the models presented in Sec. 3.1, 3.2

and Sec. 4. The reference points in the new physics parameter space are (�µµ = 1, m� =

10 GeV) for the “neutrinophilic scalar” (blue lines), (|Uµ4| = 0.04, m⌫4 = 30 GeV) for

the “heavy neutrino” (green lines), and (gZ0 , mZ
0
B
= 10 GeV) for the hadrophilic Z

0
B (red

lines).

– 8 –
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using mW analysis. Ref. [33] studied a specific exam-
ple of category (B) only. Moreover, in the following, we
describe a more general approach than Ref. [33] for the
associated analyses.

III. A PROOF-OF-PRINCIPLE: Lµ � L⌧ GAUGE
BOSON

The first model that we consider is the Lµ�L⌧ Z 0 [34]:

Lint = gZ0Z 0
⇢J

⇢
µ�⌧ + gDZ 0

⇢J
⇢
D , (1)

where gZ0 and gD are the couplings of Z 0-boson to SM
and dark-sector states, respectively. The U(1)Lµ�L⌧ cur-
rent reads

J⇢
µ�⌧ = (⌫̄µ�

⇢⌫µ + µ̄�⇢µ� ⌫̄⌧�
⇢⌫⌧ � ⌧̄ �⇢⌧). (2)

The term Z 0
⇢J

⇢
D describes the interaction of the Z 0-boson

with some invisible, unspecified dark-sector states. The
key assumptions, that gD � gZ0 and the dark sector
contains states su�ciently lighter than mZ0 , guarantee
that the Z 0-boson decays predominantly invisibly.

This model has been extensively studied as a possi-
ble portal to dark matter or as an extension to SM. The
2-dimensional parameter space (gZ0 ,mZ0) is tested by a
variety of searches, from K-/B-factories, g � 2, to neu-
trino beam-dump experiments [26, 35].3 In this model
belonging to category (A), the W -boson has a 3-body
decay into µ ⌫µ Z 0 (Fig. 1 left), modifying the kinematic
distributions of `+MET final state.4

We obtain the kinematic distributions through
a Monte Carlo (MC) simulation via Mad-
Graph5 aMC@NLOv3.42 [37] + PYTHIA8.212
[38] + Delphesv3.4 [39] (ATLAS card). We employed
LHAPDF [40], PDF ID:244800 [41]. The 3-body
decay (versus 2-body) softens the pT and mT distri-
butions, as seen in Fig. 3 for a benchmark value of
(mZ0 , gZ0) = (10 GeV, 0.12).5

As shown in Fig. 3, for gZ0 ⇠ O(0.1), the expected S/B
ratio is O(10�3). Sensitivity to these e↵ects strongly re-
lies on the various sources of uncertainties, which is ex-
actly the main target for the experimental collaborations
that reached percent [1] and even sub-percent uncertain-
ties [5, 6], aimed at measuring mW . Also backgrounds
are extensively studied and they are only a few% in the
region of interest. In this letter we will not attempt a

3 Additional constraints arise when mZ0 is of Stuckenberg origin
[36].

4 Additional signal events come from ⌧ ! Z0µ ⌫µ ⌫⌧ . For simplic-
ity we don’t include them in our analysis.

5 NP also modifies W -boson total decay width. This e↵ect is ex-
pected to be negligible given the projected bound on the NP
parameters. Therefore we fix the width to its SM value. The
e↵ect of the width on the mW determination within the SM is
only a few MeV. [5, 15].

Figure 3: Normalized transverse mass distributions for
µ + MET at the LHC. Blue line: mZ0 = 10GeV, gZ0 =
0.12). Red line: mµ̃ = 115GeV, m⌫̃ = 83GeV, m�̃0

1
=

70GeV. The dashed lines in the lower panel are obtained
from selected Z events. The dashed gray lines indicate
the ATLAS fitting range.

complete study of the various sources of uncertainties in
the presence of NP. We just comment on the possible ef-
fect of our NP hypothesis on the sample of Z ! `` events
which are heavily used for detector calibration [1, 6] and
for tuning the boson production model on data [15]. Thus
a contamination of NP in the Z ! `` sample might af-
fect the calibration of the MCs, “calibrating away” signs
of NP [42]. However, by isolating pure Z-boson events
with appropriate kinematic cuts, such as those imposed
by ATLAS [6]: 80 < m``/GeV < 100, the possible con-
tamination of NP in the calibration sample is limited to
O(10�4), still for gZ0 ⇠ O(0.1).
We estimate the sensitivity and the impact of our NP

hypothesis on the mW measurement through a binned �2

analysis for the p`T and mT distributions. Our analysis
is aligned as much as possible with the ATLAS measure-
ment [5, 6], only slightly extending the fit range aiming
at maximal sensitivity (see Tab. I). We then construct
the following �2:

�2(�mW ,�NP) =
NBinsX

i=1

⇣
N i

ev(�mW ,�NP)�N
i
ev

⌘2

�2
stat + �2

sys

,

(3)

where N i
ev(�mW ,�NP) is the expected number of events

in the the bin i as function of mW (�mW = mW �mW )
and the NP parameters. We centered our �2 at �NP = 0
and �mW = 0 because we are assuming data to realize
the SM expectation for the W-boson massmW . We stress
that we are testing the New Physics hypothesis with no
prior on mW , as both �NP and mW are floated.
On the contrary, the authors of [33] fixed mW in the

hypothesis to the EW fit prediction. The simultaneous
fit to mW and NP that we perform here is thus a more
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(a) pp ! µ ⌫µ Z0

(b) pp ! µ̃ ⌫̃µ

Figure 2: LHC 95% CL projected sensitivity to (a) Lµ�L⌧ and (b) MSSM slepton-sneutrino production. All the lines
include detector simulations. Pileup (hµi = 50), simulated through the dedicated Delphes ATLAS card, is included
unless indicated otherwise. In the SUSY projections, we include the no pileup (hµi = 0) lines only for the competitive
run-2 projections. Present bounds are obtained from [26] and [27] respectively for the left and right figure.

II. INVISIBLE NEW PHYSICS BEHIND THE
SEMI-INVISIBLE W-BOSON

The W -boson mass measurement is special. The re-
markable precision, reached by hadron colliders, relies
only on the partially visible leptonic decays. The masses
of other heavy SM bosons are instead extracted from fully
visible and clean final states (e.g., h ! ��, Z ! `+`�),
hence resonance reconstruction is possible in a narrow
region. For hadronic W -boson decays, resonance recon-
struction is plagued by the challenges of QCD observ-
ables. The semi-invisible final state of leptonicW -decays,
namely `+MET, is cleaner, but it presents a good hide-
out for invisible NP.

Given that the W -boson decay cannot be fully recon-
structed, the measurement of the mW is a result of the
fit to the lepton p`T and the transverse mass mT distri-
butions.1 Hence, any BSM that contributes to the same
final state, modifying these kinematic distributions, can
a↵ect the mW measurement. Such NP can be classified
in three possibilities:

(A) anomalous W -boson decay,

(B) anomalous W -boson production,

(C) `+MET not from an on-shell W -boson, ` = (e, µ).

1 CDF also fits the missing transverse momentum pmiss
T distribu-

tion.

The first (second) possibility includes all BSM models
that modify the W -boson decay (production), yet result-
ing in `+MET. Option (C) collects all BSM models that
can produce an `+MET final state, without the involve-
ment of any on-shell W -boson. This category includes
the production of new particles, decaying into `+MET,
and new interactions among quark/gluons and leptons.2

Here we explore two simple, yet relevant, case stud-
ies that cover options (A) and (C). In Sec. III, we focus
on anomalous W -boson decay in the invisibly-decaying
Lµ � L⌧ gauge boson scenario (Fig. 1 left). This rep-
resents a proof-of-principle of our idea, highlighting the
relevant points with rather simple phenomenology. Nev-
ertheless, we find that the mW measurement represents a
competitive probe for this model (see Fig. 2a). In Sec. IV
we focus on category (C), using ⌫̃ ˜̀ production in SUSY
as an example. This production mechanism is not cur-
rently investigated at the LHC. Remarkably, our results
in Fig. 2b show that the mW measurement can cover an
unexplored parameter space of slepton searches.
In a follow-up paper [31], we will study additional ex-

amples of category (A) and an illustration of category
(B): a Z 0-boson gauging baryon number (see [32] and ref-
erences therein). Overall, our two papers thus represent
a comprehensive study of probing NP giving ` + MET

2 Examples of this are dim-6 quark-lepton four fermion operators
that mediate qq ! ` ⌫` processes. The latter are usually very
well constrained by high-energy measurements [28–30].

Figure 1: Cartoon of the various regions. In black, we show a cartoon distribution of

the transverse momentum of the lepton from the SM decay of the W boson. The colored

lines show roughly where the distribution would change with the inclusion of various BSM

physics. The sub-electroweak region contains the Jacobian peak (at 1
2mW ) of the SM W

boson distributions, and is therefore used to measure mW , systematic uncertainties can

reach the per-mill level [23–25]. The supra-electroweak region contains the high-pT tails of

the distributions and is often used for heavy BSM physics searches, like the W
0 searches

[44], systematic uncertainties are usually ⇠ 10%. In between these regions, just above

the Jacobian peak, there is opportunity for BSM searches where the optimal S/B ratio is

compatible with per-cent level systematics. We denote this the circa-electroweak region.
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Figure 2: New physics contributions to `+ /ET for the di↵erent models that we consider.
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p
`
T p

miss
T mT |~uT | mT range p

`
T range

ATLAS [23, 24]

(W ! µ ⌫µ)

> 30 (analysis)

> 18 (trigger)
> 30 > 60 < 30 [60, 100] [30, 50]

Sec. 3.1 (W ! µ⌫µ�) > 20 > 20 > 40 < 30 [40, 100] [20, 50]

Sec. 3.2 (W ! µ⌫4) > 20 > 20 > 40 < 30 [40, 100] [20, 50]

Sec. 4 (pp ! WZ
0) > 30 > 30 > 60 < 30 [60, 140] [30, 70]

CDF (µ) [25]
[30, 55] (analysis)

> 18 (trigger)
[30, 55] [60, 100] < 15 [65, 90] [32, 48]

Sec. 3.1 (W ! µ⌫µ�) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Sec. 3.2 (W ! µ⌫4) [20, 55] [20, 55] [60, 100] < 15 [40, 90] [20, 48]

Table 1: Kinematic cuts and analysis ranges considered in our fit and in the latest W -mass

measurements [23–25]. All the number are measured in GeV. The hadronic recoil vector

is denoted by ~uT . For our LHC projections, we construct 2 GeV bins for mT and 1 GeV

bins for p`T [24], unless otherwise specified. For the CDF projections, we construct 0.5 GeV

bins for mT and 0.25 GeV bins for p`T , p
miss
T [25]. The analysis ranges of p`T apply also to

p
miss
T in the CDF analyses.

W -boson mass is not a crucial input. This is because the majority of the sensitivity to

new physics comes from regions of the kinematic distributions in which the SM processes

are relatively rare, thus a moderately S/B is typical for this search strategy. Thus, after

careful testing of this step, we assume mW to be a know parameter from other experiments

or other analyses, or both, and set �mW = 0 in Eq. (2.3).

Figure 3: Normalized kinematic distributions for the models presented in Sec. 3.1, 3.2

and Sec. 4. The reference points in the new physics parameter space are (�µµ = 1, m� =

10 GeV) for the “neutrinophilic scalar” (blue lines), (|Uµ4| = 0.04, m⌫4 = 30 GeV) for

the “heavy neutrino” (green lines), and (gZ0 , mZ
0
B
= 10 GeV) for the hadrophilic Z

0
B (red

lines).

– 8 –
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In this talk I will elaborate on this theme and provide directions on how 
to use the measurements of  to test new physics scenariosmbl

The message can be spread to other observables: 1D distributions of 
; 2D distributions as well;  a full likelihood study in 

principle
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Targeted new physics scenario
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t̃→ b χ⁺ → bℓνχ⁰

χ0
χ±t̃t

W

Due to small mass differences 
between the NP states each 
energy release gives “soft” 

leptons and/or (b-)jets.

New physics that gives only “soft” leptons and 
(b-)jets is not the target of “Search for …” 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Targeted new physics scenario

t→ bW → bℓν
t̃→ b χ⁺ → bℓνχ⁰

χ0
χ±t̃t

W

Due to small mass differences 
between the NP states each 
energy release gives “soft” 

leptons and/or (b-)jets.

New physics that gives only “soft” leptons and 
(b-)jets is not the target of “Search for …” 

 

Ideally one would have to devise a search analysis that can deal with 
O(10) GeV  leptons and (bottom) jetspT

All the accurate work on these leptons and jets is already in place for the 
measurements of top quark properties!
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Recast bounds on the NP scenario
A point that made the 

development of this idea 
in practice very difficult 

for years is the objective 
difficulty to test if a new 

physics scenario is 
excluded by present 

searches that were not 
tailored for that scenario.
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Abstract

SModelS is a tool for the automatic interpretation of simplified-model results from the LHC.
The new features of version 1.1 include the use of efficiency maps, likelihood and c2 calculations,
an extended database of experimental results as well as major speed upgrades for both the code
and the database. This document provides a detailed guide to SModelS v1.1 and how to use it.
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Fig. 1 Schematic view of the working principle of SModelS

(in the SMS framework) of such a diagram can be reduced
to three main objects:

• the diagram topology: number of vertices and SM final
state particles in each vertex;

• the masses (mass vector) of the Z-odd BSM particles
appearing in the diagram;

• the diagram weight (σ × B).

The reduction of a particular process to its equivalent SMS
topology is illustrated in Fig. 3. Details of the decomposi-
tion procedure and the labeling scheme used are explained
in Sect. 3.1. Note that once the decomposition is done, the
full model is reduced to its signal topologies and there is
no longer any reference to the specific details of the model,
except for the relevant Z2-odd masses and the σ × B associ-
ated to each topology. In this way we can cast the theoretical
predictions in a model-independent way.3

The next and more involved step is to confront the the-
oretical predictions obtained from the decomposition with
the experimental constraints. For that it is necessary to map
the signal topologies produced in the decomposition to the

3 One has to keep in mind, however, that the color factor of the initially
produced BSM particles influences the QCD activity in the final state
and may thus significantly affect the signal efficiency. This is not a
worry in the following as we did not come across any example where
constraints from a experimental result assuming QCD production are
used to exclude an EW produced topology, or vice-versa, but one might
encounter such cases in principle.

Fig. 2 The general type of SMS topology considered in this paper.
The Pi label the SM final state particles. The end of each decay chain
is always the lightest Z2-odd particle which is stable

SMS topologies constrained by data. For some experimen-
tal analyses this is a trivial matter, since they provide an
upper limit for a single topology cross section as a function
of the relevant BSM mass vector. Examples are constraints
on squark pair production, with q̃ → q + χ̃0

1 , which give an
upper limit on σ × B as a function of (mq̃ , mχ̃0

1
), or gluino

pair production, with g̃ → t t̄ + χ̃0
1 , which limit σ × B as

a function of (mg̃, mχ̃0
1
). However it is often the case that

the experimental analysis does not constrain a single topol-
ogy but rather a sum of several topologies, assuming a spe-
cific relative contribution from each of them. As an exam-
ple, consider the slepton pair production limits, where the
interpretation constrains the sum over final state lepton fla-
vors (e’s and µ’s) under the assumption that each flavor con-
tributes 50 % to the signal and that selectrons and smuons
are mass degenerate, (mẽ, mχ̃0

1
) = (mµ̃, mχ̃0

1
). In order to

apply this experimental constraint to the signal topologies
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In the first three years of running, the LHC has delivered a wealth of new data that is now being
analysed. With over 20 fb�1 of integrated luminosity, both ATLAS and CMS have performed many
searches for new physics that theorists are eager to test their model against. However, tuning the
detector simulations, understanding the particular analysis details and interpreting the results can
be a tedious task.

Checkmate (Check Models At Terascale Energies) is a program package which accepts simulated
event files in many formats for any model. The program then determines whether the model is
excluded or not at 95% C.L. by comparing to many recent experimental analyses. Furthermore the
program can calculate confidence limits and provide detailed information about signal regions of
interest. It is simple to use and the program structure allows for easy extensions to upcoming LHC
results in the future.

Checkmate can be found at: http://checkmate.hepforge.org
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Recast bounds on the NP scenario
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Table 8: Summary of the preselection criteria applied in the SRs of the o�-shell ,/ selection. In rows where only
one value is given it applies to all regions. ‘-’ indicates no requirement is applied for a given variable/region.

Preselection requirements

Variable SRoffWZlow/ET -0j SRoffWZlow/ET -nj SRoffWZhigh/ET-0j SRoffWZhigh/ET-nj

=
baseline
lep , =signal

lep = 3
=SFOS � 1
<

max
✓✓

[GeV] < 75
<

min
✓✓

[GeV] 2 [1, 75]
=
1-jets = 0

min �'3✓ > 0.4

Resonance veto <
min
✓✓

[GeV] 8 [3, 3.2], 8 [9, 12] -
Trigger (multi-)lepton ((multi-)lepton || ⇢miss

T )
=

30 GeV
jets = 0 � 1 = 0 � 1
⇢

miss
T [GeV] < 50 < 200 > 50 > 200

⇢
miss
T significance > 1.5 > 3.0 > 3.0 > 3.0

?
✓1
T , ?✓2

T , ?✓3
T [GeV] > 10 > 4.5(3.0) for 4(`)

|<3✓ � <
/
| [GeV] > 20 (✓W = 4 only) -

min�'SFOS [0.6, 2.4] (✓W = 4 only) -

Further preselection criteria are applied to reduce the contamination from /+jets. First, a lower bound
is set to ensure ⇢

miss
T significance > 1.5 or 3.0, depending on the SR category. For SRoffWZlow/ET , events are

then treated separately for di�erent flavours of the lepton from the ,-boson decay (✓W), selected using
<

</
✓✓

-based lepton assignment to best capture the SM background topology for rejection. To suppress the
contribution from / (+W) ! ✓✓44 caused by bremsstrahlung from prompt electrons and subsequent photon
conversions, if ✓W is an electron, the trilepton invariant mass <3✓ is required to be o� the /-boson peak
(|<3✓ � <

/
| > 20 GeV), and the minimum angular distance between all SFOS lepton pairs must be within

min�'SFOS 2 [0.6, 2.4], with min�'SFOS defined as min[�'(✓
8
, ✓

9
); for all SFOS lepton pairs (✓

8
, ✓

9
)].

The preselection criteria and categorisation are summarised in Table 8.
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The new results of the on-shell and o�-shell ,/ searches, as well as the results of a previous ATLAS
search for electroweak SUSY with compressed mass spectra [18], are statistically combined and interpreted
in the simplified models discussed in Section 1. Exclusion limits are calculated by statistically combining
the results from the signal regions of the contributing searches, which are designed to be orthogonal.
The combination is implemented in the pyhf framework [171, 172], which was validated against the
H���F����� framework [173]. The results are presented in Section 9.2.

7 On-shell ]` and ]h selections

The following subsections discuss the implementation specific to the on-shell ,/ selection and the ,⌘

selection, expanding on the general strategy outlined in Section 6. The selection is applied on top of the
common preselection as defined in Section 5, and the SRs are optimised to the wino/bino (+) scenario.

7.1 Search regions

The SRWZ and SRWh selections as introduced in Section 6.1 are further refined, taking into consideration
di�erences in signal and background kinematics and composition. Driven by the ?T thresholds of the
dilepton triggers used in this selection, the leading and sub-leading leptons in the event must satisfy ?T >

25, 20 GeV, while the third lepton must satisfy ?T > 10 GeV. To reduce SM backgrounds with little to
no real ⇢miss

T , events are required to have ⇢
miss
T > 50 GeV. To suppress the contribution of CC̄ events and

single-boson production in association with a CC̄ pair, events with at least one 1-jet are rejected.

To reduce the contribution from processes with low-mass dilepton resonances, events are vetoed if they
contain a SFOS lepton pair with an invariant mass below 12 GeV. Additionally, in events with a SFOS
pair, the three-lepton invariant mass <3✓ is required to be inconsistent with the mass of a / boson,
|<3✓ � <

/
| > 15 GeV, in order to suppress contributions from asymmetric photon conversions from the

/+jets process with / ! ✓✓W
(⇤)and W

(⇤) ! ✓✓, where one of the leptons is out of acceptance. A summary
of the preselection criteria is presented in Table 2. The SRWZ and SRWh regions are further segmented as
discussed below, and indexed with ‘-i’.

Table 2: Summary of the preselection criteria applied in the SRs of the on-shell,/ and,⌘ selections. In rows where
only one value is given it applies to all regions. ‘-’ indicates no requirement is applied for a given variable/region.

Preselection requirements

Variable SRWZ SRWhSFOS SRWhDFOS
=

baseline
lep , =signal

lep = 3
Trigger dilepton
?
✓1
T , ?✓2

T , ?✓3
T [GeV] > 25, 20, 10

⇢
miss
T [GeV] > 50

=
1-jets = 0

Resonance veto <
✓✓

[GeV] > 12 > 12 -
=SFOS � 1 � 1 = 0
<

✓✓
[GeV] 2 [75, 105] 8 [75, 105] -

|<3✓ � <
/
| [GeV] > 15 > 15 -
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dedicated analyses for compressed scenarios are 
included in the recast

analysis by analysis 
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Recast bounds on the NP scenario
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find two analyses measuring the  distribution  with published 
uncertainty 
compute the expected  shape and rate from the NP scenario using the 
same selection as the experimental paper 
use the published uncertainty to compute the expected significance for 
the putative NP signal with a template  analysis
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Workflow
SLHA-based  can be injected in Pythia in your experiment software framework(!)→

• Generate MSSM model in SPheno 4.0.1  SLHA file


• Elaborate the SLHA file with SModelS 2.3.3 (using SR combination)


• Find  or    (soon available on Zenodo for those who want to inject signals 
in their top quark property measurements)


• Run Pythia 8.3 to generate SM  “background” and  signal events (relies on 
Pythia SLHA interface)  compute any distribution after selection cuts


• For simplicity we compute the correctly paired , which is different from CMS and 
ATLAS choices (interesting question to find out what is the best pairing strategy)

→

r < 1 r > 1

tt̄ pp → t̃ t̃
→

mbℓ

Easily reproducible with well known codes. 
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Next we simulate the contribution to mb` for each pa-
rameter space point using Pythia 8.3 [42] in the region
of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,

pT (j) � 25 GeV, |⌘(j)| < 2.5, (1)

for jets made with anti-kT [43] algorithm with R = 0.4
and separations between jets and leptons �R(`, j) > 0.2,
�R(j, j) > 0.4 and �R(`, `) > 0.1. This is a selec-
tion closely following that of the experimental collabo-
rations, e.g. [16, 18, 36], except for minor di↵erences in
the selection for ` = e and ` = µ that we do not pur-
sue. We have considered variations of the cuts and found
that, if attainable, softer selections on the transverse mo-
menta would magnify the signal in the mb` distribution
even further, but we limit ourselves to the conservative
choice of cuts as in eq. (1). The mb` spectra that we
obtain are compared with the spectrum measured by
ATLAS [16] and CMS [31] for 139 fb�1 integrated lu-
minosity. As the experimental results are endowed with
an uncertainty on each bin of the measured di↵erential
cross-section d�/dmb`, we can use the expected rate of
MSSM signal to compute a significance

z =

vuutX

i

✓
Si

�Bi

◆2

, (2)

where Si is the MSSM signal yield expected in the i-th
bin of the published histogram and �Bi is the uncertainty
on each bin as published by the experiments. In absence
of more precise information from the experiments, the
uncertainty in each bin is assumed to be uncorrelated
with the others.

We note that both experimental collaborations provide
two set of uncertainties: one is obtained with nominal
Monte Carlo predictions and uncertainties, while a sec-
ond one is provided after the measured mb` spectrum
is used as a constrain on the sum of the Monte Carlo
predictions for several SM processes contributing to the
relevant region of phase-space. These two results are in-
dicated by the experiments as “pre-fit” and “post-fit”
measurements of the mb` distribution. The post-fit one
has smaller uncertainties and leads to stronger bounds
on new physics. For reference we note that the smallest
uncertainty in a single bin for the “pre-fit” ATLAS re-
sult we use is about 5%. Using the “post-fit” result would
give even stronger exclusions, as the smallest uncertainty
in a single bin would be reduced to 0.8% in that scenario.
However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
due solely to the SM and no new physics.

In Fig. 2 we show the more conservative “pre-fit” result
of the significance eq. (2) from the ATLAS result [16].
Points for which z > 2 can be excluded at 95% confidence
level with the new proposed analysis of mb`. Strikingly,
the region excluded by our proposal covers a large area of
the chargino-neutralino mass plane not excluded by the
recast of the present searches.

BM µ M1 At m�+ m�0 z [31] z [16] r

mt̃ = 200 GeV

ON1 185 95 2820.5 186.6 85.6 [0.8,1.7] [2.7,14.3] 0.9
OFF1 155 160 2857.5 156.4 123.3 [0.9,1.8] [2.6,14.8] 0.7
OFF2 175 145 2839.5 176.6 123.5 [1.5,3.] [5.1,25.5] 0.8
T1 135 65 2895.5 136.2 54. [4.,7.7] [10.7,61.3] 0.8
T2 135 60 2895.5 136.2 49.9 [4.1,7.9] [10.8,60.6] 0.8

mt̃ = 220 GeV

OFF3 155 150 3140.5 156.4 118.6 [0.7,1.4] [1.9,10.9] 0.8
OFF4 170 160 3122 171.5 130.8 [0.9,1.8] [2.5,13.7] 0.6
ON2 190 95 3104 191.7 86.1 [2.1,4.3] [6.1,32.8] 0.7
OFF5 190 145 3104 191.7 127.7 [1.4,2.8] [4.2,22.5] 0.6
ON3 190 65 3104 191.7 58.9 [1.9,3.7] [5.3,28.7] 0.8

mt̃ = 180 GeV

OFF6 165 115 2570.5 166.5 99.2 [1.2,2.5] [4.8,22.9] 0.8
OFF7 160 105 2580 161.5 90.4 [2.2,4.5] [7.2,36.3] 0.8
OFF8 160 170 2570 161.5 130.3 [0.6,1.2] [2.4,11.2] 0.6
OFF9 155 150 2579.5 156.4 118.5 [1.6,3.2] [5.3,27.2] 0.8
OFF10 145 175 2598.5 146.3 122.2 [0.8,1.6] [2.4,12.7] 0.8

TABLE I. Chargino and neutralino masses, input parameters
µ, M1 and At, all given in GeV for few benchmarks (BM).
Resulting value of r computed from SModelS 2.2.1 and the
range of the significance eq. (2) expected from the mb` spec-
trum analysis using ATLAS [16] or CMS [31] measurements.
The low (high) end the significance range corresponds to un-
certainties on the mb` spectrum before(after) a fit using SM
predictions for the known backgrounds.

We observe that the contours of z in the chargino-
neutralino mass plane closely follow the contours of the
maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
nation of the masses compared to the present searches.
This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
For greater detail, in Tab. I we present the result for

several points that are not excluded by recast of present
searches, i.e. SModelS 2.2.1 gives r < 1 2. We note that
in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
chargino-neutralino mass di↵erences close to mW , where
the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
masses mt̃ considered, as to testify the general validity
of the point that we make in this letter.

2 The most recent version of SModelS at the time of writing is 2.3.2.
We checked that the new searches included in the newest release
of SModelS do not change the values of r for the points in this
table.

Significance estimator
mt̃ ≃ 200 GeV
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Next we simulate the contribution to mb` for each pa-
rameter space point using Pythia 8.3 [42] in the region
of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,

pT (j) � 25 GeV, |⌘(j)| < 2.5, (1)

for jets made with anti-kT [43] algorithm with R = 0.4
and separations between jets and leptons �R(`, j) > 0.2,
�R(j, j) > 0.4 and �R(`, `) > 0.1. This is a selec-
tion closely following that of the experimental collabo-
rations, e.g. [16, 18, 36], except for minor di↵erences in
the selection for ` = e and ` = µ that we do not pur-
sue. We have considered variations of the cuts and found
that, if attainable, softer selections on the transverse mo-
menta would magnify the signal in the mb` distribution
even further, but we limit ourselves to the conservative
choice of cuts as in eq. (1). The mb` spectra that we
obtain are compared with the spectrum measured by
ATLAS [16] and CMS [31] for 139 fb�1 integrated lu-
minosity. As the experimental results are endowed with
an uncertainty on each bin of the measured di↵erential
cross-section d�/dmb`, we can use the expected rate of
MSSM signal to compute a significance
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where Si is the MSSM signal yield expected in the i-th
bin of the published histogram and �Bi is the uncertainty
on each bin as published by the experiments. In absence
of more precise information from the experiments, the
uncertainty in each bin is assumed to be uncorrelated
with the others.

We note that both experimental collaborations provide
two set of uncertainties: one is obtained with nominal
Monte Carlo predictions and uncertainties, while a sec-
ond one is provided after the measured mb` spectrum
is used as a constrain on the sum of the Monte Carlo
predictions for several SM processes contributing to the
relevant region of phase-space. These two results are in-
dicated by the experiments as “pre-fit” and “post-fit”
measurements of the mb` distribution. The post-fit one
has smaller uncertainties and leads to stronger bounds
on new physics. For reference we note that the smallest
uncertainty in a single bin for the “pre-fit” ATLAS re-
sult we use is about 5%. Using the “post-fit” result would
give even stronger exclusions, as the smallest uncertainty
in a single bin would be reduced to 0.8% in that scenario.
However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
due solely to the SM and no new physics.

In Fig. 2 we show the more conservative “pre-fit” result
of the significance eq. (2) from the ATLAS result [16].
Points for which z > 2 can be excluded at 95% confidence
level with the new proposed analysis of mb`. Strikingly,
the region excluded by our proposal covers a large area of
the chargino-neutralino mass plane not excluded by the
recast of the present searches.
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mt̃ = 200 GeV

ON1 185 95 2820.5 186.6 85.6 [0.8,1.7] [2.7,14.3] 0.9
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µ, M1 and At, all given in GeV for few benchmarks (BM).
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range of the significance eq. (2) expected from the mb` spec-
trum analysis using ATLAS [16] or CMS [31] measurements.
The low (high) end the significance range corresponds to un-
certainties on the mb` spectrum before(after) a fit using SM
predictions for the known backgrounds.

We observe that the contours of z in the chargino-
neutralino mass plane closely follow the contours of the
maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
nation of the masses compared to the present searches.
This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
For greater detail, in Tab. I we present the result for

several points that are not excluded by recast of present
searches, i.e. SModelS 2.2.1 gives r < 1 2. We note that
in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
chargino-neutralino mass di↵erences close to mW , where
the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
masses mt̃ considered, as to testify the general validity
of the point that we make in this letter.

2 The most recent version of SModelS at the time of writing is 2.3.2.
We checked that the new searches included in the newest release
of SModelS do not change the values of r for the points in this
table.
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Next we simulate the contribution to mb` for each pa-
rameter space point using Pythia 8.3 [42] in the region
of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,

pT (j) � 25 GeV, |⌘(j)| < 2.5, (1)

for jets made with anti-kT [43] algorithm with R = 0.4
and separations between jets and leptons �R(`, j) > 0.2,
�R(j, j) > 0.4 and �R(`, `) > 0.1. This is a selec-
tion closely following that of the experimental collabo-
rations, e.g. [16, 18, 36], except for minor di↵erences in
the selection for ` = e and ` = µ that we do not pur-
sue. We have considered variations of the cuts and found
that, if attainable, softer selections on the transverse mo-
menta would magnify the signal in the mb` distribution
even further, but we limit ourselves to the conservative
choice of cuts as in eq. (1). The mb` spectra that we
obtain are compared with the spectrum measured by
ATLAS [16] and CMS [31] for 139 fb�1 integrated lu-
minosity. As the experimental results are endowed with
an uncertainty on each bin of the measured di↵erential
cross-section d�/dmb`, we can use the expected rate of
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where Si is the MSSM signal yield expected in the i-th
bin of the published histogram and �Bi is the uncertainty
on each bin as published by the experiments. In absence
of more precise information from the experiments, the
uncertainty in each bin is assumed to be uncorrelated
with the others.

We note that both experimental collaborations provide
two set of uncertainties: one is obtained with nominal
Monte Carlo predictions and uncertainties, while a sec-
ond one is provided after the measured mb` spectrum
is used as a constrain on the sum of the Monte Carlo
predictions for several SM processes contributing to the
relevant region of phase-space. These two results are in-
dicated by the experiments as “pre-fit” and “post-fit”
measurements of the mb` distribution. The post-fit one
has smaller uncertainties and leads to stronger bounds
on new physics. For reference we note that the smallest
uncertainty in a single bin for the “pre-fit” ATLAS re-
sult we use is about 5%. Using the “post-fit” result would
give even stronger exclusions, as the smallest uncertainty
in a single bin would be reduced to 0.8% in that scenario.
However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
due solely to the SM and no new physics.

In Fig. 2 we show the more conservative “pre-fit” result
of the significance eq. (2) from the ATLAS result [16].
Points for which z > 2 can be excluded at 95% confidence
level with the new proposed analysis of mb`. Strikingly,
the region excluded by our proposal covers a large area of
the chargino-neutralino mass plane not excluded by the
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OFF4 170 160 3122 171.5 130.8 [0.9,1.8] [2.5,13.7] 0.6
ON2 190 95 3104 191.7 86.1 [2.1,4.3] [6.1,32.8] 0.7
OFF5 190 145 3104 191.7 127.7 [1.4,2.8] [4.2,22.5] 0.6
ON3 190 65 3104 191.7 58.9 [1.9,3.7] [5.3,28.7] 0.8

mt̃ = 180 GeV

OFF6 165 115 2570.5 166.5 99.2 [1.2,2.5] [4.8,22.9] 0.8
OFF7 160 105 2580 161.5 90.4 [2.2,4.5] [7.2,36.3] 0.8
OFF8 160 170 2570 161.5 130.3 [0.6,1.2] [2.4,11.2] 0.6
OFF9 155 150 2579.5 156.4 118.5 [1.6,3.2] [5.3,27.2] 0.8
OFF10 145 175 2598.5 146.3 122.2 [0.8,1.6] [2.4,12.7] 0.8

TABLE I. Chargino and neutralino masses, input parameters
µ, M1 and At, all given in GeV for few benchmarks (BM).
Resulting value of r computed from SModelS 2.2.1 and the
range of the significance eq. (2) expected from the mb` spec-
trum analysis using ATLAS [16] or CMS [31] measurements.
The low (high) end the significance range corresponds to un-
certainties on the mb` spectrum before(after) a fit using SM
predictions for the known backgrounds.

We observe that the contours of z in the chargino-
neutralino mass plane closely follow the contours of the
maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
nation of the masses compared to the present searches.
This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
For greater detail, in Tab. I we present the result for

several points that are not excluded by recast of present
searches, i.e. SModelS 2.2.1 gives r < 1 2. We note that
in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
chargino-neutralino mass di↵erences close to mW , where
the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
masses mt̃ considered, as to testify the general validity
of the point that we make in this letter.

2 The most recent version of SModelS at the time of writing is 2.3.2.
We checked that the new searches included in the newest release
of SModelS do not change the values of r for the points in this
table.

Significance estimator
mt̃ ≃ 200 GeV
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injecting MSSM signals in the  analyses we expect to obtain new 
bounds on new physics

mbℓ

unlike standard searches that suffer from the softness of the leptons and 
jets, this analysis leverages the softness of  and  ℓ jets
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Next we simulate the contribution to mb` for each pa-
rameter space point using Pythia 8.3 [42] in the region
of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,

pT (j) � 25 GeV, |⌘(j)| < 2.5, (1)

for jets made with anti-kT [43] algorithm with R = 0.4
and separations between jets and leptons �R(`, j) > 0.2,
�R(j, j) > 0.4 and �R(`, `) > 0.1. This is a selec-
tion closely following that of the experimental collabo-
rations, e.g. [16, 18, 36], except for minor di↵erences in
the selection for ` = e and ` = µ that we do not pur-
sue. We have considered variations of the cuts and found
that, if attainable, softer selections on the transverse mo-
menta would magnify the signal in the mb` distribution
even further, but we limit ourselves to the conservative
choice of cuts as in eq. (1). The mb` spectra that we
obtain are compared with the spectrum measured by
ATLAS [16] and CMS [31] for 139 fb�1 integrated lu-
minosity. As the experimental results are endowed with
an uncertainty on each bin of the measured di↵erential
cross-section d�/dmb`, we can use the expected rate of
MSSM signal to compute a significance

z =

vuutX

i

✓
Si

�Bi

◆2

, (2)

where Si is the MSSM signal yield expected in the i-th
bin of the published histogram and �Bi is the uncertainty
on each bin as published by the experiments. In absence
of more precise information from the experiments, the
uncertainty in each bin is assumed to be uncorrelated
with the others.

We note that both experimental collaborations provide
two set of uncertainties: one is obtained with nominal
Monte Carlo predictions and uncertainties, while a sec-
ond one is provided after the measured mb` spectrum
is used as a constrain on the sum of the Monte Carlo
predictions for several SM processes contributing to the
relevant region of phase-space. These two results are in-
dicated by the experiments as “pre-fit” and “post-fit”
measurements of the mb` distribution. The post-fit one
has smaller uncertainties and leads to stronger bounds
on new physics. For reference we note that the smallest
uncertainty in a single bin for the “pre-fit” ATLAS re-
sult we use is about 5%. Using the “post-fit” result would
give even stronger exclusions, as the smallest uncertainty
in a single bin would be reduced to 0.8% in that scenario.
However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
due solely to the SM and no new physics.

In Fig. 2 we show the more conservative “pre-fit” result
of the significance eq. (2) from the ATLAS result [16].
Points for which z > 2 can be excluded at 95% confidence
level with the new proposed analysis of mb`. Strikingly,
the region excluded by our proposal covers a large area of
the chargino-neutralino mass plane not excluded by the
recast of the present searches.

BM µ M1 At m�+ m�0 z [31] z [16] r

mt̃ = 200 GeV

ON1 185 95 2820.5 186.6 85.6 [0.8,1.7] [2.7,14.3] 0.9
OFF1 155 160 2857.5 156.4 123.3 [0.9,1.8] [2.6,14.8] 0.7
OFF2 175 145 2839.5 176.6 123.5 [1.5,3.] [5.1,25.5] 0.8
T1 135 65 2895.5 136.2 54. [4.,7.7] [10.7,61.3] 0.8
T2 135 60 2895.5 136.2 49.9 [4.1,7.9] [10.8,60.6] 0.8

mt̃ = 220 GeV

OFF3 155 150 3140.5 156.4 118.6 [0.7,1.4] [1.9,10.9] 0.8
OFF4 170 160 3122 171.5 130.8 [0.9,1.8] [2.5,13.7] 0.6
ON2 190 95 3104 191.7 86.1 [2.1,4.3] [6.1,32.8] 0.7
OFF5 190 145 3104 191.7 127.7 [1.4,2.8] [4.2,22.5] 0.6
ON3 190 65 3104 191.7 58.9 [1.9,3.7] [5.3,28.7] 0.8

mt̃ = 180 GeV

OFF6 165 115 2570.5 166.5 99.2 [1.2,2.5] [4.8,22.9] 0.8
OFF7 160 105 2580 161.5 90.4 [2.2,4.5] [7.2,36.3] 0.8
OFF8 160 170 2570 161.5 130.3 [0.6,1.2] [2.4,11.2] 0.6
OFF9 155 150 2579.5 156.4 118.5 [1.6,3.2] [5.3,27.2] 0.8
OFF10 145 175 2598.5 146.3 122.2 [0.8,1.6] [2.4,12.7] 0.8

TABLE I. Chargino and neutralino masses, input parameters
µ, M1 and At, all given in GeV for few benchmarks (BM).
Resulting value of r computed from SModelS 2.2.1 and the
range of the significance eq. (2) expected from the mb` spec-
trum analysis using ATLAS [16] or CMS [31] measurements.
The low (high) end the significance range corresponds to un-
certainties on the mb` spectrum before(after) a fit using SM
predictions for the known backgrounds.

We observe that the contours of z in the chargino-
neutralino mass plane closely follow the contours of the
maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
nation of the masses compared to the present searches.
This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
For greater detail, in Tab. I we present the result for

several points that are not excluded by recast of present
searches, i.e. SModelS 2.2.1 gives r < 1 2. We note that
in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
chargino-neutralino mass di↵erences close to mW , where
the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
masses mt̃ considered, as to testify the general validity
of the point that we make in this letter.

2 The most recent version of SModelS at the time of writing is 2.3.2.
We checked that the new searches included in the newest release
of SModelS do not change the values of r for the points in this
table.

Significance estimator
mt̃ ≃ 200 GeV
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the presence of the BSM signal is in general limited to low , because 
of the massive invisible  (or other invisibile state)

mbℓ
χ0

the analysis is not sensitive to the transition from on-shell to off-shel W
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Next we simulate the contribution to mb` for each pa-
rameter space point using Pythia 8.3 [42] in the region
of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,

pT (j) � 25 GeV, |⌘(j)| < 2.5, (1)

for jets made with anti-kT [43] algorithm with R = 0.4
and separations between jets and leptons �R(`, j) > 0.2,
�R(j, j) > 0.4 and �R(`, `) > 0.1. This is a selec-
tion closely following that of the experimental collabo-
rations, e.g. [16, 18, 36], except for minor di↵erences in
the selection for ` = e and ` = µ that we do not pur-
sue. We have considered variations of the cuts and found
that, if attainable, softer selections on the transverse mo-
menta would magnify the signal in the mb` distribution
even further, but we limit ourselves to the conservative
choice of cuts as in eq. (1). The mb` spectra that we
obtain are compared with the spectrum measured by
ATLAS [16] and CMS [31] for 139 fb�1 integrated lu-
minosity. As the experimental results are endowed with
an uncertainty on each bin of the measured di↵erential
cross-section d�/dmb`, we can use the expected rate of
MSSM signal to compute a significance

z =

vuutX

i
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Si
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, (2)

where Si is the MSSM signal yield expected in the i-th
bin of the published histogram and �Bi is the uncertainty
on each bin as published by the experiments. In absence
of more precise information from the experiments, the
uncertainty in each bin is assumed to be uncorrelated
with the others.

We note that both experimental collaborations provide
two set of uncertainties: one is obtained with nominal
Monte Carlo predictions and uncertainties, while a sec-
ond one is provided after the measured mb` spectrum
is used as a constrain on the sum of the Monte Carlo
predictions for several SM processes contributing to the
relevant region of phase-space. These two results are in-
dicated by the experiments as “pre-fit” and “post-fit”
measurements of the mb` distribution. The post-fit one
has smaller uncertainties and leads to stronger bounds
on new physics. For reference we note that the smallest
uncertainty in a single bin for the “pre-fit” ATLAS re-
sult we use is about 5%. Using the “post-fit” result would
give even stronger exclusions, as the smallest uncertainty
in a single bin would be reduced to 0.8% in that scenario.
However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
due solely to the SM and no new physics.

In Fig. 2 we show the more conservative “pre-fit” result
of the significance eq. (2) from the ATLAS result [16].
Points for which z > 2 can be excluded at 95% confidence
level with the new proposed analysis of mb`. Strikingly,
the region excluded by our proposal covers a large area of
the chargino-neutralino mass plane not excluded by the
recast of the present searches.

BM µ M1 At m�+ m�0 z [31] z [16] r

mt̃ = 200 GeV

ON1 185 95 2820.5 186.6 85.6 [0.8,1.7] [2.7,14.3] 0.9
OFF1 155 160 2857.5 156.4 123.3 [0.9,1.8] [2.6,14.8] 0.7
OFF2 175 145 2839.5 176.6 123.5 [1.5,3.] [5.1,25.5] 0.8
T1 135 65 2895.5 136.2 54. [4.,7.7] [10.7,61.3] 0.8
T2 135 60 2895.5 136.2 49.9 [4.1,7.9] [10.8,60.6] 0.8

mt̃ = 220 GeV

OFF3 155 150 3140.5 156.4 118.6 [0.7,1.4] [1.9,10.9] 0.8
OFF4 170 160 3122 171.5 130.8 [0.9,1.8] [2.5,13.7] 0.6
ON2 190 95 3104 191.7 86.1 [2.1,4.3] [6.1,32.8] 0.7
OFF5 190 145 3104 191.7 127.7 [1.4,2.8] [4.2,22.5] 0.6
ON3 190 65 3104 191.7 58.9 [1.9,3.7] [5.3,28.7] 0.8

mt̃ = 180 GeV

OFF6 165 115 2570.5 166.5 99.2 [1.2,2.5] [4.8,22.9] 0.8
OFF7 160 105 2580 161.5 90.4 [2.2,4.5] [7.2,36.3] 0.8
OFF8 160 170 2570 161.5 130.3 [0.6,1.2] [2.4,11.2] 0.6
OFF9 155 150 2579.5 156.4 118.5 [1.6,3.2] [5.3,27.2] 0.8
OFF10 145 175 2598.5 146.3 122.2 [0.8,1.6] [2.4,12.7] 0.8

TABLE I. Chargino and neutralino masses, input parameters
µ, M1 and At, all given in GeV for few benchmarks (BM).
Resulting value of r computed from SModelS 2.2.1 and the
range of the significance eq. (2) expected from the mb` spec-
trum analysis using ATLAS [16] or CMS [31] measurements.
The low (high) end the significance range corresponds to un-
certainties on the mb` spectrum before(after) a fit using SM
predictions for the known backgrounds.

We observe that the contours of z in the chargino-
neutralino mass plane closely follow the contours of the
maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
nation of the masses compared to the present searches.
This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
For greater detail, in Tab. I we present the result for

several points that are not excluded by recast of present
searches, i.e. SModelS 2.2.1 gives r < 1 2. We note that
in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
chargino-neutralino mass di↵erences close to mW , where
the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
masses mt̃ considered, as to testify the general validity
of the point that we make in this letter.

2 The most recent version of SModelS at the time of writing is 2.3.2.
We checked that the new searches included in the newest release
of SModelS do not change the values of r for the points in this
table.

Significance estimator
mt̃ ≃ 200 GeV
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the presence of the BSM signal is in general limited to low , because 
of the massive invisible  (or other invisibile state)

mbℓ
χ0

the analysis is not sensitive to the transition from on-shell to off-shel W

the rise (mbℓ > 0)

and fall (end-point)
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Conclusion
and outlook

The (HL)LHC will give us more and more data.  
If we want to exploit them at best we need to

S&M• make the result available in a most reusable way 
Recast Exercises are very useful! 

• start leveraging the strategies not pursed much so far  
measure SM in places we had not traditionally  
done it 
search BSM where is not usually sought for

•  is a clear example where a Search&Measure approach works that  
brings new BSM models under the scope, plus it strengthens the 
“precision” of the SM measurement carried out with the same data 

• more precision observables can be used 

mbl

https://indico.cern.ch/event/1375202/
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Next we simulate the contribution to mb` for each pa-
rameter space point using Pythia 8.3 [42] in the region
of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,

pT (j) � 25 GeV, |⌘(j)| < 2.5, (1)

for jets made with anti-kT [43] algorithm with R = 0.4
and separations between jets and leptons �R(`, j) > 0.2,
�R(j, j) > 0.4 and �R(`, `) > 0.1. This is a selec-
tion closely following that of the experimental collabo-
rations, e.g. [16, 18, 36], except for minor di↵erences in
the selection for ` = e and ` = µ that we do not pur-
sue. We have considered variations of the cuts and found
that, if attainable, softer selections on the transverse mo-
menta would magnify the signal in the mb` distribution
even further, but we limit ourselves to the conservative
choice of cuts as in eq. (1). The mb` spectra that we
obtain are compared with the spectrum measured by
ATLAS [16] and CMS [31] for 139 fb�1 integrated lu-
minosity. As the experimental results are endowed with
an uncertainty on each bin of the measured di↵erential
cross-section d�/dmb`, we can use the expected rate of
MSSM signal to compute a significance

z =

vuutX

i

✓
Si

�Bi

◆2

, (2)

where Si is the MSSM signal yield expected in the i-th
bin of the published histogram and �Bi is the uncertainty
on each bin as published by the experiments. In absence
of more precise information from the experiments, the
uncertainty in each bin is assumed to be uncorrelated
with the others.

We note that both experimental collaborations provide
two set of uncertainties: one is obtained with nominal
Monte Carlo predictions and uncertainties, while a sec-
ond one is provided after the measured mb` spectrum
is used as a constrain on the sum of the Monte Carlo
predictions for several SM processes contributing to the
relevant region of phase-space. These two results are in-
dicated by the experiments as “pre-fit” and “post-fit”
measurements of the mb` distribution. The post-fit one
has smaller uncertainties and leads to stronger bounds
on new physics. For reference we note that the smallest
uncertainty in a single bin for the “pre-fit” ATLAS re-
sult we use is about 5%. Using the “post-fit” result would
give even stronger exclusions, as the smallest uncertainty
in a single bin would be reduced to 0.8% in that scenario.
However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
due solely to the SM and no new physics.

In Fig. 2 we show the more conservative “pre-fit” result
of the significance eq. (2) from the ATLAS result [16].
Points for which z > 2 can be excluded at 95% confidence
level with the new proposed analysis of mb`. Strikingly,
the region excluded by our proposal covers a large area of
the chargino-neutralino mass plane not excluded by the
recast of the present searches.

BM µ M1 At m�+ m�0 z [31] z [16] r

mt̃ = 200 GeV

ON1 185 95 2820.5 186.6 85.6 [0.8,1.7] [2.7,14.3] 0.9
OFF1 155 160 2857.5 156.4 123.3 [0.9,1.8] [2.6,14.8] 0.7
OFF2 175 145 2839.5 176.6 123.5 [1.5,3.] [5.1,25.5] 0.8
T1 135 65 2895.5 136.2 54. [4.,7.7] [10.7,61.3] 0.8
T2 135 60 2895.5 136.2 49.9 [4.1,7.9] [10.8,60.6] 0.8

mt̃ = 220 GeV

OFF3 155 150 3140.5 156.4 118.6 [0.7,1.4] [1.9,10.9] 0.8
OFF4 170 160 3122 171.5 130.8 [0.9,1.8] [2.5,13.7] 0.6
ON2 190 95 3104 191.7 86.1 [2.1,4.3] [6.1,32.8] 0.7
OFF5 190 145 3104 191.7 127.7 [1.4,2.8] [4.2,22.5] 0.6
ON3 190 65 3104 191.7 58.9 [1.9,3.7] [5.3,28.7] 0.8

mt̃ = 180 GeV

OFF6 165 115 2570.5 166.5 99.2 [1.2,2.5] [4.8,22.9] 0.8
OFF7 160 105 2580 161.5 90.4 [2.2,4.5] [7.2,36.3] 0.8
OFF8 160 170 2570 161.5 130.3 [0.6,1.2] [2.4,11.2] 0.6
OFF9 155 150 2579.5 156.4 118.5 [1.6,3.2] [5.3,27.2] 0.8
OFF10 145 175 2598.5 146.3 122.2 [0.8,1.6] [2.4,12.7] 0.8

TABLE I. Chargino and neutralino masses, input parameters
µ, M1 and At, all given in GeV for few benchmarks (BM).
Resulting value of r computed from SModelS 2.2.1 and the
range of the significance eq. (2) expected from the mb` spec-
trum analysis using ATLAS [16] or CMS [31] measurements.
The low (high) end the significance range corresponds to un-
certainties on the mb` spectrum before(after) a fit using SM
predictions for the known backgrounds.

We observe that the contours of z in the chargino-
neutralino mass plane closely follow the contours of the
maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
nation of the masses compared to the present searches.
This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
For greater detail, in Tab. I we present the result for

several points that are not excluded by recast of present
searches, i.e. SModelS 2.2.1 gives r < 1 2. We note that
in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
chargino-neutralino mass di↵erences close to mW , where
the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
masses mt̃ considered, as to testify the general validity
of the point that we make in this letter.

2 The most recent version of SModelS at the time of writing is 2.3.2.
We checked that the new searches included in the newest release
of SModelS do not change the values of r for the points in this
table.
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Next we simulate the contribution to mb` for each pa-
rameter space point using Pythia 8.3 [42] in the region
of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,

pT (j) � 25 GeV, |⌘(j)| < 2.5, (1)

for jets made with anti-kT [43] algorithm with R = 0.4
and separations between jets and leptons �R(`, j) > 0.2,
�R(j, j) > 0.4 and �R(`, `) > 0.1. This is a selec-
tion closely following that of the experimental collabo-
rations, e.g. [16, 18, 36], except for minor di↵erences in
the selection for ` = e and ` = µ that we do not pur-
sue. We have considered variations of the cuts and found
that, if attainable, softer selections on the transverse mo-
menta would magnify the signal in the mb` distribution
even further, but we limit ourselves to the conservative
choice of cuts as in eq. (1). The mb` spectra that we
obtain are compared with the spectrum measured by
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an uncertainty on each bin of the measured di↵erential
cross-section d�/dmb`, we can use the expected rate of
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where Si is the MSSM signal yield expected in the i-th
bin of the published histogram and �Bi is the uncertainty
on each bin as published by the experiments. In absence
of more precise information from the experiments, the
uncertainty in each bin is assumed to be uncorrelated
with the others.

We note that both experimental collaborations provide
two set of uncertainties: one is obtained with nominal
Monte Carlo predictions and uncertainties, while a sec-
ond one is provided after the measured mb` spectrum
is used as a constrain on the sum of the Monte Carlo
predictions for several SM processes contributing to the
relevant region of phase-space. These two results are in-
dicated by the experiments as “pre-fit” and “post-fit”
measurements of the mb` distribution. The post-fit one
has smaller uncertainties and leads to stronger bounds
on new physics. For reference we note that the smallest
uncertainty in a single bin for the “pre-fit” ATLAS re-
sult we use is about 5%. Using the “post-fit” result would
give even stronger exclusions, as the smallest uncertainty
in a single bin would be reduced to 0.8% in that scenario.
However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
due solely to the SM and no new physics.

In Fig. 2 we show the more conservative “pre-fit” result
of the significance eq. (2) from the ATLAS result [16].
Points for which z > 2 can be excluded at 95% confidence
level with the new proposed analysis of mb`. Strikingly,
the region excluded by our proposal covers a large area of
the chargino-neutralino mass plane not excluded by the
recast of the present searches.

BM µ M1 At m�+ m�0 z [31] z [16] r

mt̃ = 200 GeV

ON1 185 95 2820.5 186.6 85.6 [0.8,1.7] [2.7,14.3] 0.9
OFF1 155 160 2857.5 156.4 123.3 [0.9,1.8] [2.6,14.8] 0.7
OFF2 175 145 2839.5 176.6 123.5 [1.5,3.] [5.1,25.5] 0.8
T1 135 65 2895.5 136.2 54. [4.,7.7] [10.7,61.3] 0.8
T2 135 60 2895.5 136.2 49.9 [4.1,7.9] [10.8,60.6] 0.8

mt̃ = 220 GeV

OFF3 155 150 3140.5 156.4 118.6 [0.7,1.4] [1.9,10.9] 0.8
OFF4 170 160 3122 171.5 130.8 [0.9,1.8] [2.5,13.7] 0.6
ON2 190 95 3104 191.7 86.1 [2.1,4.3] [6.1,32.8] 0.7
OFF5 190 145 3104 191.7 127.7 [1.4,2.8] [4.2,22.5] 0.6
ON3 190 65 3104 191.7 58.9 [1.9,3.7] [5.3,28.7] 0.8

mt̃ = 180 GeV

OFF6 165 115 2570.5 166.5 99.2 [1.2,2.5] [4.8,22.9] 0.8
OFF7 160 105 2580 161.5 90.4 [2.2,4.5] [7.2,36.3] 0.8
OFF8 160 170 2570 161.5 130.3 [0.6,1.2] [2.4,11.2] 0.6
OFF9 155 150 2579.5 156.4 118.5 [1.6,3.2] [5.3,27.2] 0.8
OFF10 145 175 2598.5 146.3 122.2 [0.8,1.6] [2.4,12.7] 0.8

TABLE I. Chargino and neutralino masses, input parameters
µ, M1 and At, all given in GeV for few benchmarks (BM).
Resulting value of r computed from SModelS 2.2.1 and the
range of the significance eq. (2) expected from the mb` spec-
trum analysis using ATLAS [16] or CMS [31] measurements.
The low (high) end the significance range corresponds to un-
certainties on the mb` spectrum before(after) a fit using SM
predictions for the known backgrounds.

We observe that the contours of z in the chargino-
neutralino mass plane closely follow the contours of the
maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
nation of the masses compared to the present searches.
This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
For greater detail, in Tab. I we present the result for

several points that are not excluded by recast of present
searches, i.e. SModelS 2.2.1 gives r < 1 2. We note that
in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
chargino-neutralino mass di↵erences close to mW , where
the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
masses mt̃ considered, as to testify the general validity
of the point that we make in this letter.

2 The most recent version of SModelS at the time of writing is 2.3.2.
We checked that the new searches included in the newest release
of SModelS do not change the values of r for the points in this
table.
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rameter space point using Pythia 8.3 [42] in the region
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for jets made with anti-kT [43] algorithm with R = 0.4
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However, we argue that it should be used with care, be-
cause it is obtained assuming that the mb` spectrum is
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in several cases one expects deviations from the SM in
the mb` distribution much larger than the uncertainties
published by the experiments. These include cases for
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the present searches have a marked blindspot. We note
that CMS results tend to give a weaker sensitivity: this
is due to the coarser binning of the data published by
CMS with respect to ATLAS. The table presents results
for three masses mt̃ considered. The complementarity
of the proposed search using mb` is evident for all the
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