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Topics in BSM
Lots of “ideas” build on past experience:


• in the 60s & 70s: “Gauge symmetry 
worked for QED let us do it for the 
other forces”


• today:  “The Higgs boson might be a 
composite like the pion, that is the 
lightest of the mesons” or “Symmetry 
protects the masses of fermions, let us 
do the same for Higgs boson(s)” or 
“There are flavors of fermions, let us do 
the same for Higgs boson(s)”

BSM is in part “opinion based”, 
in part “evidence based”


Driven by the shortcomings of 
the SM that we deem as 
important and timely to work 
on


We are sure of nothing, but we 
try to imagine everything about 
how things could be and make 
sense of it.



Well recognized topics 
(including at this conference)

• “Straight Face” Supersymmetry


• EFT for decoupled New Physics


• BSM in Higgs (single couplings, self-coupling)


• New Vector-Like Fermions, Vector Resonances, Scalars


• Used to be “off the beaten path”:


• Dark Sectors (with and without resonances)


• (Very) Light Particles (may overlap with Dark sector)


• Long Lived Particles

See Andrea Thamm, Dipan Sengupta earlier in this conference

https://indico.cern.ch/event/1253590/contributions/5844084/attachments/2869686/5024061/Thamm_light-BSM-particles.pdf
https://indico.cern.ch/event/1253590/contributions/5836395/


Outline

• Run3 and HL-LHC highlights and strategic goals:


• Precision era in SM measurements and BSM (look under every rock, even those you are “sure” they will bring no results)


• Re-interpretation and re-use of results (SModelS, CheckMATE, Contour, …) 


• Impact on indirect limits for Future Colliders ( )


• High-  precision era 

rate ∼ M−4
NP

pT
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∫
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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
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0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 140 ∆m(χ̃

0
2 , χ̃
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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
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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
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0
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H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
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0
1 → hG̃)=1 To appear0.94H̃

4 e, µ 0 jets Emiss
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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
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T 140 τ(ℓ̃) = 10 ns 2205.060130.36τ̃
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χ̃∓

1 /χ̃
0
1 , χ̃
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1→Zℓ→ℓℓℓ 3 e, µ 140 Pure Wino 2011.105431.05χ̃∓
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0

1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓
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0
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0
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112 To appear2.25g̃ [m(χ̃
0
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0

1)=50 GeV, 1250 GeV]
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0
1, χ̃
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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′′
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=2e-4, 1e-2]

t̃t̃, t̃→bχ̃
±
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±
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′
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<3e-9] 1.0t̃1 [1e-10< λ′
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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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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

⋆ e-mail: atlas.publications@cern.ch

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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production of supersymmetric charginos decaying to two-
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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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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.
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production of supersymmetric charginos decaying to two-
lepton final states. The selected events have moderate values
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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.

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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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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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.
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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.

17

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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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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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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We show that the mW measurement is a direct probe of New Physics (NP) contributing to
`+MET, independently from indirect tests via the electroweak fit. Such NP modifies the kinematic
distributions used to extract mW , necessitating a simultaneous fit to mW and NP. This e↵ect can
in principle bias the mW measurement, but only to a limited extent for our considered models.
Given that, we demonstrate that the agreement at high-precision with SM-predicted shapes results
in bounds competitive to, if not exceeding, existing ones for two examples: anomalous W decay
involving a Lµ � L⌧ gauge boson and ⌫̃l l̃ production in the MSSM.

I. INTRODUCTION

The mass of the W boson plays a crucial role in
our understanding of nature. The discrepancy between
the recent and most precise measurement by CDF [1]
and the SM prediction might already be a hint of new
physics (NP) beyond the Standard Model (BSM). Theo-
retical explanations commonly invoke new contributions
to the electroweak (EW) fit [2] in order to shift the value
of the SM prediction (see for instance [3, 4]) and ex-
plain the anomaly. Yet, the more recent re-measurement
by ATLAS [5, 6] adds to the puzzle, confirming the
SM-predicted value and the previous measurements by
LHCb, D; and LEP [7–9]. Whether in the future the
CDF anomaly will be confirmed cannot be foreseen. The
only fact that we have today is the striking precision of
10�4 of these measurements and of the corresponding
theory SM predictions. This precision might even im-
prove in the near future due to an ongoing intense experi-
mental [5, 10] and theoretical e↵ort (see e.g. Refs. [11–17]
for recent works).

The mW experimental value is extracted from the si-
multaneous fit of di↵erent measured kinematic distribu-
tions (see below) in leptonic decays of singly-produced
W -bosons to the SM predictions. Both ATLAS and CDF
find perfect agreement with their best-fit SM distribu-
tions.

We show in this letter that the data used for the mW
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Figure 1: NP contributions to the W -boson mass sample
in the `+MET channel. Left: invisibly-decaying Lµ�L⌧

Z 0-boson. Right: slepton-sneutrino production in the
MSSM.

measurement can simultaneously be a powerful direct
probe for any NP that contributes to the same final state.
The key observation is that NP produces kinematic dis-
tributions that are su�ciently di↵erent with respect to
those in the SM. Hence, the same analysis can be used
for the extraction of both mW and NP parameters. The
correct procedure thus requires a global fit, which might
in principle shift the measurement of mW , with NP pro-
viding new nuisance parameters.

This paradigm is general, having already been at-
tempted in [18–24] for the top quark, in the context of
NP copiously produced via strong interactions. Fainter
signals of NP charged only under the electroweak inter-
action are more challenging. Yet we will show how the
extraordinary precision of the mW measurement can put
competitive bounds on motivated new physics scenarios,
and in some cases to exceed present bounds, e.g. those
for long-sought SUSY sleptons. This strategy is in ad-
dition to the classic test based on EW fit of the SM to
which we are accustomed since LEP [25]. In this letter,
we focus solely on the mW measurement. We classify the
possible NP that can contaminate the measured sample
and quantify the sensitivity to two concrete, well-known
BSM scenarios (see Fig. 1).
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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 5: Sensitivity projections for the heavy neutrino scenario. Left panel: 68% CL reach on the

(|U4µ|2,�mW ) plane for m⌫4 = 10 GeV. Right panel: 95% CL reach on the (m⌫4 , |U4µ|2) plane. Present

constraints are extracted from [38]. Our constraints are expected to be roughly the same for electrons (U4e),

where the CKM unitarity bound does not apply.

again a clear improvement is expected by using the proposed analysis ranges. As we have

commented already, systematic uncertainties play a great role in our strategy thus a final

assessment of the optimal range for this search needs to be determined by the experimental

collaborations.

In Fig. 5 we present our results for this scenario. We focus on the µ+ /ET final state.

In principle, the electron final state can be equally sensitive, but we do not pursue it as it

involves di↵erent detector e↵ects. The impact of this model on the determination of mW

on the (|U4µ|
2
,�mW ) plane is presented in the left panel of Fig. 5. The figure is obtained

taking the baseline setup described in Sec. 2.2 and setting m⌫4 = 10 GeV and studying

each �
2
O

as indicated by the labels in the figure. Interestingly, a nontrivial correlation

between the mixing U4µ and �mW exists in both CDF and LHC projections, which shows

again how new physics can e↵ectively bias the extraction of mW . Yet, we see that the

overall e↵ect in this scenario is quite mild, considering the values of U4µ for which we find

a sizeable �mW shift are well tested by other experiments, for which we refer to the right

panel of Fig. 5.

Sensitivity projections for our method and other experiments, taken from [38], are

presented on the (m⌫4 , |U4µ|
2) plane in the right panel of Fig. 5. We stress that for this

analysis we employ the baseline setup of Sec. 2.2 and give bounds on U4µ marginalizing

on �mW . This gives conservative bounds on this new physics mixing parameter. Our

bounds complement nicely the existing ones. Specifically, in the sub-GeV region, the most

stringent constraints come from high-intensity meson decay studies. We do not show this

bound since Fig. 5 considers m⌫4 > 0.5 GeV. In the region from few GeV to mW , main

constraints are either from electroweak precision tests or from the test of the CKM unitarity

[38] in the same ballpark as the projected constraints from our method. For heavier ⌫4 our
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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
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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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between the mixing U4µ and �mW exists in both CDF and LHC projections, which shows

again how new physics can e↵ectively bias the extraction of mW . Yet, we see that the

overall e↵ect in this scenario is quite mild, considering the values of U4µ for which we find

a sizeable �mW shift are well tested by other experiments, for which we refer to the right

panel of Fig. 5.

Sensitivity projections for our method and other experiments, taken from [38], are

presented on the (m⌫4 , |U4µ|
2) plane in the right panel of Fig. 5. We stress that for this

analysis we employ the baseline setup of Sec. 2.2 and give bounds on U4µ marginalizing

on �mW . This gives conservative bounds on this new physics mixing parameter. Our

bounds complement nicely the existing ones. Specifically, in the sub-GeV region, the most

stringent constraints come from high-intensity meson decay studies. We do not show this

bound since Fig. 5 considers m⌫4 > 0.5 GeV. In the region from few GeV to mW , main

constraints are either from electroweak precision tests or from the test of the CKM unitarity

[38] in the same ballpark as the projected constraints from our method. For heavier ⌫4 our
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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 5: Sensitivity projections for the heavy neutrino scenario. Left panel: 68% CL reach on the

(|U4µ|2,�mW ) plane for m⌫4 = 10 GeV. Right panel: 95% CL reach on the (m⌫4 , |U4µ|2) plane. Present

constraints are extracted from [38]. Our constraints are expected to be roughly the same for electrons (U4e),

where the CKM unitarity bound does not apply.

again a clear improvement is expected by using the proposed analysis ranges. As we have

commented already, systematic uncertainties play a great role in our strategy thus a final

assessment of the optimal range for this search needs to be determined by the experimental

collaborations.

In Fig. 5 we present our results for this scenario. We focus on the µ+ /ET final state.

In principle, the electron final state can be equally sensitive, but we do not pursue it as it

involves di↵erent detector e↵ects. The impact of this model on the determination of mW

on the (|U4µ|
2
,�mW ) plane is presented in the left panel of Fig. 5. The figure is obtained

taking the baseline setup described in Sec. 2.2 and setting m⌫4 = 10 GeV and studying

each �
2
O

as indicated by the labels in the figure. Interestingly, a nontrivial correlation

between the mixing U4µ and �mW exists in both CDF and LHC projections, which shows

again how new physics can e↵ectively bias the extraction of mW . Yet, we see that the

overall e↵ect in this scenario is quite mild, considering the values of U4µ for which we find

a sizeable �mW shift are well tested by other experiments, for which we refer to the right

panel of Fig. 5.

Sensitivity projections for our method and other experiments, taken from [38], are

presented on the (m⌫4 , |U4µ|
2) plane in the right panel of Fig. 5. We stress that for this

analysis we employ the baseline setup of Sec. 2.2 and give bounds on U4µ marginalizing

on �mW . This gives conservative bounds on this new physics mixing parameter. Our

bounds complement nicely the existing ones. Specifically, in the sub-GeV region, the most

stringent constraints come from high-intensity meson decay studies. We do not show this

bound since Fig. 5 considers m⌫4 > 0.5 GeV. In the region from few GeV to mW , main

constraints are either from electroweak precision tests or from the test of the CKM unitarity

[38] in the same ballpark as the projected constraints from our method. For heavier ⌫4 our
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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 5: Sensitivity projections for the heavy neutrino scenario. Left panel: 68% CL reach on the

(|U4µ|2,�mW ) plane for m⌫4 = 10 GeV. Right panel: 95% CL reach on the (m⌫4 , |U4µ|2) plane. Present

constraints are extracted from [38]. Our constraints are expected to be roughly the same for electrons (U4e),

where the CKM unitarity bound does not apply.

again a clear improvement is expected by using the proposed analysis ranges. As we have

commented already, systematic uncertainties play a great role in our strategy thus a final

assessment of the optimal range for this search needs to be determined by the experimental

collaborations.

In Fig. 5 we present our results for this scenario. We focus on the µ+ /ET final state.

In principle, the electron final state can be equally sensitive, but we do not pursue it as it

involves di↵erent detector e↵ects. The impact of this model on the determination of mW

on the (|U4µ|
2
,�mW ) plane is presented in the left panel of Fig. 5. The figure is obtained

taking the baseline setup described in Sec. 2.2 and setting m⌫4 = 10 GeV and studying

each �
2
O

as indicated by the labels in the figure. Interestingly, a nontrivial correlation

between the mixing U4µ and �mW exists in both CDF and LHC projections, which shows

again how new physics can e↵ectively bias the extraction of mW . Yet, we see that the

overall e↵ect in this scenario is quite mild, considering the values of U4µ for which we find

a sizeable �mW shift are well tested by other experiments, for which we refer to the right

panel of Fig. 5.

Sensitivity projections for our method and other experiments, taken from [38], are

presented on the (m⌫4 , |U4µ|
2) plane in the right panel of Fig. 5. We stress that for this

analysis we employ the baseline setup of Sec. 2.2 and give bounds on U4µ marginalizing

on �mW . This gives conservative bounds on this new physics mixing parameter. Our

bounds complement nicely the existing ones. Specifically, in the sub-GeV region, the most

stringent constraints come from high-intensity meson decay studies. We do not show this

bound since Fig. 5 considers m⌫4 > 0.5 GeV. In the region from few GeV to mW , main

constraints are either from electroweak precision tests or from the test of the CKM unitarity

[38] in the same ballpark as the projected constraints from our method. For heavier ⌫4 our
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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
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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
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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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In principle, the electron final state can be equally sensitive, but we do not pursue it as it

involves di↵erent detector e↵ects. The impact of this model on the determination of mW

on the (|U4µ|
2
,�mW ) plane is presented in the left panel of Fig. 5. The figure is obtained

taking the baseline setup described in Sec. 2.2 and setting m⌫4 = 10 GeV and studying

each �
2
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as indicated by the labels in the figure. Interestingly, a nontrivial correlation

between the mixing U4µ and �mW exists in both CDF and LHC projections, which shows

again how new physics can e↵ectively bias the extraction of mW . Yet, we see that the

overall e↵ect in this scenario is quite mild, considering the values of U4µ for which we find

a sizeable �mW shift are well tested by other experiments, for which we refer to the right

panel of Fig. 5.

Sensitivity projections for our method and other experiments, taken from [38], are

presented on the (m⌫4 , |U4µ|
2) plane in the right panel of Fig. 5. We stress that for this

analysis we employ the baseline setup of Sec. 2.2 and give bounds on U4µ marginalizing

on �mW . This gives conservative bounds on this new physics mixing parameter. Our

bounds complement nicely the existing ones. Specifically, in the sub-GeV region, the most

stringent constraints come from high-intensity meson decay studies. We do not show this

bound since Fig. 5 considers m⌫4 > 0.5 GeV. In the region from few GeV to mW , main

constraints are either from electroweak precision tests or from the test of the CKM unitarity

[38] in the same ballpark as the projected constraints from our method. For heavier ⌫4 our
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new physics comes from regions of the kinematic distributions in which the SM processes
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careful testing of this step, we assume mW to be a know parameter from other experiments
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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 5: Sensitivity projections for the heavy neutrino scenario. Left panel: 68% CL reach on the

(|U4µ|2,�mW ) plane for m⌫4 = 10 GeV. Right panel: 95% CL reach on the (m⌫4 , |U4µ|2) plane. Present

constraints are extracted from [38]. Our constraints are expected to be roughly the same for electrons (U4e),

where the CKM unitarity bound does not apply.

again a clear improvement is expected by using the proposed analysis ranges. As we have

commented already, systematic uncertainties play a great role in our strategy thus a final

assessment of the optimal range for this search needs to be determined by the experimental

collaborations.

In Fig. 5 we present our results for this scenario. We focus on the µ+ /ET final state.

In principle, the electron final state can be equally sensitive, but we do not pursue it as it

involves di↵erent detector e↵ects. The impact of this model on the determination of mW

on the (|U4µ|
2
,�mW ) plane is presented in the left panel of Fig. 5. The figure is obtained

taking the baseline setup described in Sec. 2.2 and setting m⌫4 = 10 GeV and studying

each �
2
O

as indicated by the labels in the figure. Interestingly, a nontrivial correlation

between the mixing U4µ and �mW exists in both CDF and LHC projections, which shows

again how new physics can e↵ectively bias the extraction of mW . Yet, we see that the

overall e↵ect in this scenario is quite mild, considering the values of U4µ for which we find

a sizeable �mW shift are well tested by other experiments, for which we refer to the right

panel of Fig. 5.

Sensitivity projections for our method and other experiments, taken from [38], are

presented on the (m⌫4 , |U4µ|
2) plane in the right panel of Fig. 5. We stress that for this

analysis we employ the baseline setup of Sec. 2.2 and give bounds on U4µ marginalizing

on �mW . This gives conservative bounds on this new physics mixing parameter. Our

bounds complement nicely the existing ones. Specifically, in the sub-GeV region, the most

stringent constraints come from high-intensity meson decay studies. We do not show this

bound since Fig. 5 considers m⌫4 > 0.5 GeV. In the region from few GeV to mW , main

constraints are either from electroweak precision tests or from the test of the CKM unitarity

[38] in the same ballpark as the projected constraints from our method. For heavier ⌫4 our
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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].

3

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

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: 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].
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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
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,

(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

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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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].
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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�
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⇢⌫⌧ � ⌧̄ �⇢⌧). (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

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.

q l

⌫l
q̄

Z
0

W

MET

(a) Hadrophilic Z
0

q l

�̃
0
1

⌫l

�̃
0
1

q̄

W
⇤ l̃

⌫̃
MET

(b) MSSM slepton-sneutrino

q l

⌫lq̄

�W

MET

(c) Neutrinophilic scalar

q l

⌫4q̄

W

MET

(d) Heavy neutrino

Figure 2: New physics contributions to `+ /ET for the di↵erent models that we consider.

– 3 –

2310.13687 - Agashe, Airen, Franceschini, Kim, Kotwal, Ricci, Sathyan

2404.17574

2404.17574

https://indico.cern.ch/event/1253590/
https://arxiv.org/abs/2404.17574
https://arxiv.org/abs/2404.17574


https://indico.cern.ch/event/1253590/ - June 5th 2024 - Roberto Franceschini - LHCP 2024 Boston - Northeastern University

S&M
EARCH

EASURE
 in ℓ + mET

2

(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].

3

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

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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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
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[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
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Figure 4: Sensitivity projections for the neutrinophilic scalar model. Left panel: 68% CL reach on the

(|�µµ|,�mW ) plane with M� = 10 GeV. Right panel: 95% CL reach on the (M�, |�µµ|) plane. Current

constraints from invisible Z decays and projected constraints from invisible Higgs decays are taken from [34].

In the constraint from invisible Z decays, the gray band gives a rough measure of the uncertainty related to

higher order corrections. For the solid and dashed lines of our projections we adopt the benchmark setup

described in Sec. 2.2 and we marginalize on mW . The dotted lines assume an “optimistic” setup and set

�mW = 0. See main text for details.

In the right panel of Fig. 4, we give the sensitivity projections on the (M�, |�µµ|)

plane. The 95% CL value for |�µµ| is obtained for each M� from a combined �
2 summing

independent �2 values of the form Eq. (2.3) for each distribution. For LHC, we minimize
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2
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, and for CDF we minimize �2 = �
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2
p`T
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pmiss
T

. In the same plane, we

also report the main constraints from other searches. In particular, masses below M� ⇠
< 0.5

GeV are heavily constrained by meson decay spectra [34]. We omit this bound by only

showing the parameter space forM� > 0.5 GeV. Larger masses are well tested by the precise

measurement of the Z-boson invisible decay width and will be better tested by invisible

Higgs decays. The latter will be mostly e↵ective at the High Luminosity stage of the LHC.

Additional constraints on the region of interest are expected from DUNE and by a direct

test of the interaction in Eq. (3.1) (see [34] for a comprehensive list of constraints). These

cover only a few corners of the parameter space in Fig. 4, hence we omit them for the sake

of clarity of the figure. Regarding the bound from Z-boson decays to invisible extracted

from [34], in Fig. 4 we report a band rather than a line. The reason is that in [34] no loop

corrections to Z ! ⌫⌫ decays, induced by loops of �, are considered. Consequently, the Z

decay to invisible gets an unphysical divergence for low masses M� of the form log mZ
M�

[33]

and this strengthens the corresponding bound. Thus, we obtain the band in Fig. 4 from

the line of [34] and assuming the corresponding bound to become insensitive to M� below

10 GeV. We believe that this provides a conservative, yet realistic, estimate.

In Fig. 4, we report 9 di↵erent lines corresponding to the expected bounds from the

proposed analysis for variations of systematics, statistical treatment, and assumed lumi-
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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 6: Sensitivity projections for the hadrophilic Z0 scenario. Left panel: 68% CL reach on the

(gZ0
B
,�mW ) plane with MZ0

B
set to be 10 GeV. Right panel: 95% CL reach on the (MZ0

B
, gZ0

B
) plane.

Existing constraints from mono-jet and mono-photon are obtained by recasts of [45, 46] (see the text for

more details).

electrons as a doubling of the rates in each bin. This gives a fair estimate of the sensitivity

of our method in the case in which systematics are negligible. This is quite accurate as

most of the sensitivity in this model comes from the extended analysis ranges described

above.

Unlike in the previous models, the emission of Z
0
B can a↵ect other processes, including

the production of Z bosons, which is used as calibration for the MC used to obtain data-

driven predictions, and especially for the reduction of systematic uncertainties in [13]. The

Z
0
B can in principle impact the calibration of MC prediction, and can thus remove part or

all the sensitivity of the `+ /ET channel. Such an e↵ect can be mitigated by imposing a /ET

cut in the selection of the events used for the calibrating from the process pp ! Z ! `` that

can e↵ectively remove pp ! ZZ
0
B. In the following, we do not provide a detailed discussion

about this e↵ect, as it is beyond the scope of our work. Rather, we only emphasize that

such an e↵ect should be assessed appropriately by the experimental collaborations when

implementing the analysis for this model.

Under the provisions explained above we show the projected sensitivity to the hadrophilic

Z
0
B in Fig. 6. The impact of this model on the mW measurement is reported in the (gZ0

B
,

�mW ) plane, for a fixed value MZ
0
B
= 10 GeV. Interestingly, also in this model there is

some correlation between the preferred value for �mW and gZ
0
B
. In contrast to the pre-

viously discussed scenarios with modified decays (see Figs. 4 and 5), the preferred mass

di↵erence �mW is negative. The possible e↵ect on the mW value appears to be limited to

few MeV.

The sensitivity projections on the (MZ0
B
, gZ0

B
) plane are presented in the right panel of

Fig. 6 together with constraints on this scenario from other searches. The main constraints

arise from the Run-2 mono-photon and mono-jet searches at the LHC [45–47] with an
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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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(|�µµ|,�mW ) plane with M� = 10 GeV. Right panel: 95% CL reach on the (M�, |�µµ|) plane. Current

constraints from invisible Z decays and projected constraints from invisible Higgs decays are taken from [34].

In the constraint from invisible Z decays, the gray band gives a rough measure of the uncertainty related to

higher order corrections. For the solid and dashed lines of our projections we adopt the benchmark setup

described in Sec. 2.2 and we marginalize on mW . The dotted lines assume an “optimistic” setup and set

�mW = 0. See main text for details.

In the right panel of Fig. 4, we give the sensitivity projections on the (M�, |�µµ|)

plane. The 95% CL value for |�µµ| is obtained for each M� from a combined �
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independent �2 values of the form Eq. (2.3) for each distribution. For LHC, we minimize
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. In the same plane, we

also report the main constraints from other searches. In particular, masses below M� ⇠
< 0.5

GeV are heavily constrained by meson decay spectra [34]. We omit this bound by only

showing the parameter space forM� > 0.5 GeV. Larger masses are well tested by the precise

measurement of the Z-boson invisible decay width and will be better tested by invisible

Higgs decays. The latter will be mostly e↵ective at the High Luminosity stage of the LHC.

Additional constraints on the region of interest are expected from DUNE and by a direct

test of the interaction in Eq. (3.1) (see [34] for a comprehensive list of constraints). These

cover only a few corners of the parameter space in Fig. 4, hence we omit them for the sake

of clarity of the figure. Regarding the bound from Z-boson decays to invisible extracted

from [34], in Fig. 4 we report a band rather than a line. The reason is that in [34] no loop

corrections to Z ! ⌫⌫ decays, induced by loops of �, are considered. Consequently, the Z

decay to invisible gets an unphysical divergence for low masses M� of the form log mZ
M�

[33]

and this strengthens the corresponding bound. Thus, we obtain the band in Fig. 4 from

the line of [34] and assuming the corresponding bound to become insensitive to M� below

10 GeV. We believe that this provides a conservative, yet realistic, estimate.

In Fig. 4, we report 9 di↵erent lines corresponding to the expected bounds from the

proposed analysis for variations of systematics, statistical treatment, and assumed lumi-
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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 6: Sensitivity projections for the hadrophilic Z0 scenario. Left panel: 68% CL reach on the

(gZ0
B
,�mW ) plane with MZ0

B
set to be 10 GeV. Right panel: 95% CL reach on the (MZ0

B
, gZ0

B
) plane.

Existing constraints from mono-jet and mono-photon are obtained by recasts of [45, 46] (see the text for

more details).

electrons as a doubling of the rates in each bin. This gives a fair estimate of the sensitivity

of our method in the case in which systematics are negligible. This is quite accurate as

most of the sensitivity in this model comes from the extended analysis ranges described

above.

Unlike in the previous models, the emission of Z
0
B can a↵ect other processes, including

the production of Z bosons, which is used as calibration for the MC used to obtain data-

driven predictions, and especially for the reduction of systematic uncertainties in [13]. The

Z
0
B can in principle impact the calibration of MC prediction, and can thus remove part or

all the sensitivity of the `+ /ET channel. Such an e↵ect can be mitigated by imposing a /ET

cut in the selection of the events used for the calibrating from the process pp ! Z ! `` that

can e↵ectively remove pp ! ZZ
0
B. In the following, we do not provide a detailed discussion

about this e↵ect, as it is beyond the scope of our work. Rather, we only emphasize that

such an e↵ect should be assessed appropriately by the experimental collaborations when

implementing the analysis for this model.

Under the provisions explained above we show the projected sensitivity to the hadrophilic

Z
0
B in Fig. 6. The impact of this model on the mW measurement is reported in the (gZ0

B
,

�mW ) plane, for a fixed value MZ
0
B
= 10 GeV. Interestingly, also in this model there is

some correlation between the preferred value for �mW and gZ
0
B
. In contrast to the pre-

viously discussed scenarios with modified decays (see Figs. 4 and 5), the preferred mass

di↵erence �mW is negative. The possible e↵ect on the mW value appears to be limited to

few MeV.

The sensitivity projections on the (MZ0
B
, gZ0

B
) plane are presented in the right panel of

Fig. 6 together with constraints on this scenario from other searches. The main constraints

arise from the Run-2 mono-photon and mono-jet searches at the LHC [45–47] with an
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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.

q l

⌫l
q̄

Z
0

W

MET

(a) Hadrophilic Z
0

q l

�̃
0
1

⌫l

�̃
0
1

q̄

W
⇤ l̃

⌫̃
MET

(b) MSSM slepton-sneutrino

q l

⌫lq̄

�W

MET

(c) Neutrinophilic scalar

q l

⌫4q̄

W

MET

(d) Heavy neutrino

Figure 2: New physics contributions to `+ /ET for the di↵erent models that we consider.

– 3 –

S&M
EARCH

EASURE
in ℓ + mET

Figure 4: Sensitivity projections for the neutrinophilic scalar model. Left panel: 68% CL reach on the

(|�µµ|,�mW ) plane with M� = 10 GeV. Right panel: 95% CL reach on the (M�, |�µµ|) plane. Current

constraints from invisible Z decays and projected constraints from invisible Higgs decays are taken from [34].

In the constraint from invisible Z decays, the gray band gives a rough measure of the uncertainty related to

higher order corrections. For the solid and dashed lines of our projections we adopt the benchmark setup

described in Sec. 2.2 and we marginalize on mW . The dotted lines assume an “optimistic” setup and set

�mW = 0. See main text for details.

In the right panel of Fig. 4, we give the sensitivity projections on the (M�, |�µµ|)

plane. The 95% CL value for |�µµ| is obtained for each M� from a combined �
2 summing

independent �2 values of the form Eq. (2.3) for each distribution. For LHC, we minimize

�
2 = �

2
mT

+�
2
p`T
, and for CDF we minimize �2 = �

2
mT

+�
2
p`T

+�
2
pmiss
T

. In the same plane, we

also report the main constraints from other searches. In particular, masses below M� ⇠
< 0.5

GeV are heavily constrained by meson decay spectra [34]. We omit this bound by only

showing the parameter space forM� > 0.5 GeV. Larger masses are well tested by the precise

measurement of the Z-boson invisible decay width and will be better tested by invisible

Higgs decays. The latter will be mostly e↵ective at the High Luminosity stage of the LHC.

Additional constraints on the region of interest are expected from DUNE and by a direct

test of the interaction in Eq. (3.1) (see [34] for a comprehensive list of constraints). These

cover only a few corners of the parameter space in Fig. 4, hence we omit them for the sake

of clarity of the figure. Regarding the bound from Z-boson decays to invisible extracted

from [34], in Fig. 4 we report a band rather than a line. The reason is that in [34] no loop

corrections to Z ! ⌫⌫ decays, induced by loops of �, are considered. Consequently, the Z

decay to invisible gets an unphysical divergence for low masses M� of the form log mZ
M�

[33]

and this strengthens the corresponding bound. Thus, we obtain the band in Fig. 4 from

the line of [34] and assuming the corresponding bound to become insensitive to M� below

10 GeV. We believe that this provides a conservative, yet realistic, estimate.

In Fig. 4, we report 9 di↵erent lines corresponding to the expected bounds from the

proposed analysis for variations of systematics, statistical treatment, and assumed lumi-
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Figure 6: Sensitivity projections for the hadrophilic Z0 scenario. Left panel: 68% CL reach on the

(gZ0
B
,�mW ) plane with MZ0

B
set to be 10 GeV. Right panel: 95% CL reach on the (MZ0

B
, gZ0

B
) plane.

Existing constraints from mono-jet and mono-photon are obtained by recasts of [45, 46] (see the text for

more details).

electrons as a doubling of the rates in each bin. This gives a fair estimate of the sensitivity

of our method in the case in which systematics are negligible. This is quite accurate as

most of the sensitivity in this model comes from the extended analysis ranges described

above.

Unlike in the previous models, the emission of Z
0
B can a↵ect other processes, including

the production of Z bosons, which is used as calibration for the MC used to obtain data-

driven predictions, and especially for the reduction of systematic uncertainties in [13]. The

Z
0
B can in principle impact the calibration of MC prediction, and can thus remove part or

all the sensitivity of the `+ /ET channel. Such an e↵ect can be mitigated by imposing a /ET

cut in the selection of the events used for the calibrating from the process pp ! Z ! `` that

can e↵ectively remove pp ! ZZ
0
B. In the following, we do not provide a detailed discussion

about this e↵ect, as it is beyond the scope of our work. Rather, we only emphasize that

such an e↵ect should be assessed appropriately by the experimental collaborations when

implementing the analysis for this model.

Under the provisions explained above we show the projected sensitivity to the hadrophilic

Z
0
B in Fig. 6. The impact of this model on the mW measurement is reported in the (gZ0

B
,

�mW ) plane, for a fixed value MZ
0
B
= 10 GeV. Interestingly, also in this model there is

some correlation between the preferred value for �mW and gZ
0
B
. In contrast to the pre-

viously discussed scenarios with modified decays (see Figs. 4 and 5), the preferred mass

di↵erence �mW is negative. The possible e↵ect on the mW value appears to be limited to

few MeV.

The sensitivity projections on the (MZ0
B
, gZ0

B
) plane are presented in the right panel of

Fig. 6 together with constraints on this scenario from other searches. The main constraints

arise from the Run-2 mono-photon and mono-jet searches at the LHC [45–47] with an
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Situation in top quark physics

• Every SM 
measurement is a 
new physics search.


• Every BSM search is 
a SM measurement. 
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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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Targeted new physics scenario
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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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Is this New Physics scenario excluded?

It is objectively difficult, if 
not impossible, to cover all 
the possible scenario that 
new physics can populate.
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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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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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an excellent review pertaining to this discussion see [25].

Experimental searches for such strongly-interacting dark sectors depend on the mediator

mechanisms as well as the comparative mass scales. For example, at the LHC, cases where

dark quark masses (mqD) and corresponding confinement scale are much smaller than the

collider centre-of-mass energy (mqD . ⇤ ⌧
p
s) lead to spectacular signatures in terms

of semi-visible jets or emerging jets [26–28]. If on the other hand if the three scales are

comparable (mqD ⇠ ⇤ ⇠
p
s), then resonance-like searches may prove useful, depending on

the relevant production mechanisms [25, 29, 30]. Finally, cases where mqD � ⇤,mqD . p
s

lead to unusual signals known as quirks [31, 32]. If the strongly-interacting sector is non-QCD

like, other signatures such as Soft Unclustered Energy Patterns are also possible [31, 32].

In the vast program of exploring strongly-interacting theories, direct searches for such

scenarios have been a focus of the experimental program [33, 34]. In this work, we instead

demonstrate the power of precision measurements of SM-like final states, by taking the

so-called “stealth dark matter” scenarios [29] as an example theory. Stealth dark matter

scenarios are realised in SU(ND) theories with even ND. In such theories, the baryonic DM

candidate is a scalar particle and is stable on account of dark baryon number conservation.

Along with the dark baryon, the theory also features dark pions and mesons as bound states,

which are lighter than the dark baryon.

Dark sector interactions with the SM are realised by charging part (or all) of the dark

sector under the SM electroweak gauge group. This leads to signals at direct-detection ex-

periments via Higgs exchange, and the dark rho (⇢D) mixing with the SM gauge bosons

leads to signals at the LHC. Kribs et al [29] considered such a theory and performed generic

lattice simulations for ND = 4 in the comparable scales regime mq ⇠ ⇤ and the quenched

limit. They furthermore constructed concrete realisations of such a model where dark quarks

respect exact custodial SU(2) symmetry [15]. In [35] they constructed e↵ective theories for

dark mesons in such theories while in [29], they confronted the meson sector with LHC

searches. In doing so, they have provided a complete setup from microscopic theory of

dark quarks to macroscopic theory of scalar dark matter and meson bound states. With a

mass scale ranging from O(100)GeV to TeV, this theory is an ideal candidate with which

to explore the implications of LHC cross-section measurements for strongly-interacting DM

scenarios. In this paper we use Contur [36, 37] to study the impact such bound states would

have had on existing LHC measurements, and using the lattice calculations of Appelquist et

3
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Recast bounds on the NP scenario
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Top precision measurements 
in “search mode”

Other observables can be used as well ( ),  a full 
likelihood study in principle
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template χ2 analysis
using published uncertainties• Sensitivity from  beyond present bounds 

• Possible shift on  needs further scrutiny 

• Key importance of the level of systematic uncertainty
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High mass frontier: Every GeV counts
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Figure 10: Observed limits on the HVT model at 95% CL in the 6F vs 6H plane for resonance masses of 2, 3 and
4 TeV in the ,⌘ channel (left) and in the /⌘ channel (right). The circles indicate the coupling values for models A
and B and the grey region corresponds to the area of phase space where the decay width of the resonance is no longer
negligible and the signal <

+⌘
shape is no longer expected to be dominated by the experimental resolution.

times branching fraction ⌫(� ! /⌘) for various pseudoscalar masses <
�
. For each mass hypothesis, the

best-fit value is compatible with the absence of a signal. The largest difference between the observed and
expected best-fit values is found for a resonance mass of <

�
= 500 GeV.

To obtain the 95% CL upper limits on the 2HDM parameters, 95% CL upper limits on the production cross
section for � ! /⌘ are calculated for admixtures of 66� and 1b� production modes and variations of the
� boson natural width up to �

�
/<

�
= 20%. For this interpretation, <T,+⌘

and <
+⌘

distributions of the
simulated signal events are smeared according to a Breit–Wigner function with the width predicted by the
parameters of the model. It was verified that this procedure produces line-shapes that are the same as those
predicted by simulation.

Figure 12 shows the interpretation of the limits on 66� and 1b� production in the Type-I, Type-II,
Lepton-specific and Flipped 2HDM scenarios as a function of the parameters tan V and cos(V � U) for
<

�
= 700 GeV. In the Type-I and Lepton-specific 2HDM models, a pseudoscalar with mass <

�
= 700 GeV

is excluded at the 95% CL for tan V values as large as 10. Greater sensitivity is observed at high tan V

for the Type-II and Flipped models, due to a larger cross section for 1-quark associated production. In
the alignment limit cos(V � U) ! 0, the � ! /⌘ branching fraction vanishes, thus the relatively low
sensitivity around cos(V � U) ⇡ 0. Nevertheless, cos(V � U) values down to around 0.07 can be excluded
for all tested model scenarios. The narrow inclined regions with no sensitivity at low tan V are caused by a
vanishing ⌘ ! 11 branching fraction.

Figure 13 shows the interpretation of the cross-section limits as a function of the parameters tan V and <
�

for cos(V � U) = 0.1. The shape of the expected exclusions is determined by the interplay of the expected
cross-section limit, which decreases as a function of <

�
, and the signal production cross section times the

� ! /⌘ branching fraction at given <
�

and tan V values. This branching fraction decreases significantly
at <

�
= 350 GeV because the � ! CC̄ decay becomes possible, but increases again at higher <

�
values.

The parameter tan V controls the admixture of the gluon–gluon fusion and 1-quark associated production,
and thus affects the rate at which the signal cross section falls as a function of <

�
, leading to a varying

sensitivity as a function of tan V. The excesses or deficits in the data visible in Figure 9 are also reflected in
Figure 13.
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context, a mass-degenerate vector triplet V′ resonance with mass below 2.8TeV is excluded

at 95% confidence level.
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As the integrated luminosity grows we can see more and more of the high-x tails 
of the parton distribution functions that result in high-mass or high-   eventspT

On the contrary, in Run3 and HL-LHC we will explore truly new territory at the 
high-mass frontier with significant impact on the status of BSM. 

2 TeV 3 TeV

This progress may seem obvious, and sometimes is dismissed as “incremental”.
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3

on left-handed (LH) mixing angles and profile of (t, b)L,
tR with the observed quark masses, we can estimate the
size of profiles of all the quarks near the TeV brane and
hence the right-handed (RH) mixing angles as well (see
reference [11] for details). We find (UR)23 ∼ 0.1 and
(UR)13 ∼ 10−3, where UR denote unitary transforma-
tions for RH up-type quarks.
Thus we find:

Lt
FC ∋

(

g1t̄RγµcR + g2t̄LγµcL
)

ZµgZ , (1)

with

g1,2 ∼
[

5 · 10−3 (UR)23
0.1

, 4 · 10−4 (UL)23
0.04

]

(

3 TeV

mKK

)2

, (2)

and similarly for t̄uZ couplings which are further sup-
pressed. Note that the above models makes a sharp pre-
diction that top flavor-violation is mostly right handed.
Next, we consider radiative processes which require

chirality flip and hence result from loop diagrams. The
dominant contributions involve Higgs and KK fermion in
the loop, since the KK fermions have larger couplings to
Higgs than the SM ones:

Lt
FC ∋

mt

m2
W

(√
4παem, gs

)

(Fµν , Gµν)×

t̄σµν

(

Ct
7γ, 8GPL + C′ t

7γ, 8GPR

)

c ,

(3)

where Fµν(Gµν) is the photon (gluon) field strength.
Thus we find

C′ t
7γ,8G ∼

m2
W

m2
KK

λ2
5D

16π2
(UR)23 . (4)

For the operator with tR, Ct
7γ,8G, replace (UR)23 by

(UL)23 which is further suppressed.
Experimental Signals: LHC. At the LHC ∼ 108

top quark pairs will be produced, which will allow to
search for FCNC top decays with a significantly improved
sensitivity [17]. The tcZ coupling in Eq. (1) results in

BR (t → cZ) ∼ 10−5

(

3 TeV

mKK

)4 ( (UR)23
0.1

)2

. (5)

Here and below the quantities in parentheses are O(1)
for natural regions of parameter space. With 100 fb−1

luminosity, the expected upper limit on BR (t → cZ) is
∼ a few 10−5 [17]. Thus, we see that the (relatively) huge
BR(t → cZ) in this model, much larger than the expec-
tation from the SM of ≈ 10−13[18], is on the edge of
current LHC sensitivity, providing a motivation to refine
the analysis since an improvement by an order of mag-
nitude will definitively test this framework. Also, with
enough statistics, angular analysis will be able to distin-
guish between LH or RH coupling in tcZ [19]: the above
models predicts that RH coupling dominates. At the

LHC, qq̄ → tc (single top production) via tcZ coupling
or direct KK Z exchange is likely to be overwhelmed by
the large background [20]. However, similar to KK Z,
there are also flavor violating couplings to the KK gluon
which can give observable effects in qq̄ → tc via KK gluon
exchange (see reference [21]).
The dipole operators give

BR (t → cγ, G) ∼ 10−10,−9 ×
(

3 TeV

mKK

)2 ( (UR)23
0.1

)(

λ5D

4

)4

, (6)

dominated by LH operator. Thus, again we see that
BR(t → cγ, G) in this model is much larger than in the
SM[18], but still too small to be observed: the sensitivi-
ties at the LHC are BR(t → cγ, G) ∼ 10−5,−4 [17].
ILC. Indeed the FC-Ztc effective interaction, Eq.(3)

has the capacity to also lead to a striking and clean sig-
nature via the reaction: e+e− → tc̄ accessible to the ILC.
One finds that

Rtc =
ζtc(a2Ztc + b2Ztc)(a

2
Zee + b2Zee)

[(1 −m2
Z/s)4παem]

2 , (7)

where Rtc = σ(e+e−→[tc̄+ct̄])
σ(e+e−→γ→µ+µ−) , ζtc = 9

2y
2
cyt[1 + yc

3yt
],

yc,t = [energy of the charm,top quark/energy of the e−

or e+] and a’s, b’s are the coefficient of vector and axial
pieces respectively [aZtc, bZtc = gZ(g1 ± g2)/2].
The above cross-section is from tcZ coupling and is

dominant at low energies. Using the couplings given
above and dimensional analysis, we can show that at
higher energies, namely,

√
s ∼> mZ ξ ∼ 500 GeV, direct

KK Z, γ exchange is more important and has a different
energy dependence than the SM Z exchange [22]. This
transition in the energy dependence of the cross-section
may be probed experimentally providing a clear signa-
ture for our framework.
Numerically Rtc starts being around 2× 10−5 at ener-

gies close to threshold, i.e. ≈ 200 GeV, reaching about
2×10−4 at higher energies. It is worth stressing again [23]
that at the ILC this reaction leads to very interesting and
unique signal at relatively low energy, i.e. ∼< 2mt. Note
also the kinematics of these class of events is extremely
constrained which should help in their identification. At
such center of mass energies, due to its huge mass, the
top quark takes up well over half (in-fact most of) the
energy, signifying that it is a single top event, with the
opposite side being an essentially massless (charm) jet,
in particular, it must not contain a b-quark.
Another interesting aspect of this class of events is that

the RS1 framework with a generic effective interaction,
Eq. (1), leads to a sizeable forward-backward asymmetry
due to one helicity (in this case RH) being dominant. For
unpolarized beams, we find that

AFB(e
+e− → tc̄) =

2 ζFB aZtc bZtc aZee bZee

(a2Ztc + b2Ztc)(a
2
Zee + b2Zee)

, (8)

hep-ph/0606293

Run3 and HL-LHC will determine indirect reach of future  
(e.g.  and  above observable level at future Higgs and top factory)

e+e−

e+e− → tc BR(t → Zc)
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on left-handed (LH) mixing angles and profile of (t, b)L,
tR with the observed quark masses, we can estimate the
size of profiles of all the quarks near the TeV brane and
hence the right-handed (RH) mixing angles as well (see
reference [11] for details). We find (UR)23 ∼ 0.1 and
(UR)13 ∼ 10−3, where UR denote unitary transforma-
tions for RH up-type quarks.
Thus we find:

Lt
FC ∋

(

g1t̄RγµcR + g2t̄LγµcL
)

ZµgZ , (1)

with

g1,2 ∼
[

5 · 10−3 (UR)23
0.1

, 4 · 10−4 (UL)23
0.04

]

(
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mKK
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, (2)

and similarly for t̄uZ couplings which are further sup-
pressed. Note that the above models makes a sharp pre-
diction that top flavor-violation is mostly right handed.
Next, we consider radiative processes which require

chirality flip and hence result from loop diagrams. The
dominant contributions involve Higgs and KK fermion in
the loop, since the KK fermions have larger couplings to
Higgs than the SM ones:
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top quark pairs will be produced, which will allow to
search for FCNC top decays with a significantly improved
sensitivity [17]. The tcZ coupling in Eq. (1) results in

BR (t → cZ) ∼ 10−5

(

3 TeV

mKK

)4 ( (UR)23
0.1

)2

. (5)

Here and below the quantities in parentheses are O(1)
for natural regions of parameter space. With 100 fb−1

luminosity, the expected upper limit on BR (t → cZ) is
∼ a few 10−5 [17]. Thus, we see that the (relatively) huge
BR(t → cZ) in this model, much larger than the expec-
tation from the SM of ≈ 10−13[18], is on the edge of
current LHC sensitivity, providing a motivation to refine
the analysis since an improvement by an order of mag-
nitude will definitively test this framework. Also, with
enough statistics, angular analysis will be able to distin-
guish between LH or RH coupling in tcZ [19]: the above
models predicts that RH coupling dominates. At the

LHC, qq̄ → tc (single top production) via tcZ coupling
or direct KK Z exchange is likely to be overwhelmed by
the large background [20]. However, similar to KK Z,
there are also flavor violating couplings to the KK gluon
which can give observable effects in qq̄ → tc via KK gluon
exchange (see reference [21]).
The dipole operators give

BR (t → cγ, G) ∼ 10−10,−9 ×
(

3 TeV

mKK

)2 ( (UR)23
0.1

)(

λ5D

4

)4

, (6)

dominated by LH operator. Thus, again we see that
BR(t → cγ, G) in this model is much larger than in the
SM[18], but still too small to be observed: the sensitivi-
ties at the LHC are BR(t → cγ, G) ∼ 10−5,−4 [17].
ILC. Indeed the FC-Ztc effective interaction, Eq.(3)

has the capacity to also lead to a striking and clean sig-
nature via the reaction: e+e− → tc̄ accessible to the ILC.
One finds that

Rtc =
ζtc(a2Ztc + b2Ztc)(a

2
Zee + b2Zee)

[(1 −m2
Z/s)4παem]

2 , (7)

where Rtc = σ(e+e−→[tc̄+ct̄])
σ(e+e−→γ→µ+µ−) , ζtc = 9

2y
2
cyt[1 + yc

3yt
],

yc,t = [energy of the charm,top quark/energy of the e−

or e+] and a’s, b’s are the coefficient of vector and axial
pieces respectively [aZtc, bZtc = gZ(g1 ± g2)/2].
The above cross-section is from tcZ coupling and is

dominant at low energies. Using the couplings given
above and dimensional analysis, we can show that at
higher energies, namely,

√
s ∼> mZ ξ ∼ 500 GeV, direct

KK Z, γ exchange is more important and has a different
energy dependence than the SM Z exchange [22]. This
transition in the energy dependence of the cross-section
may be probed experimentally providing a clear signa-
ture for our framework.
Numerically Rtc starts being around 2× 10−5 at ener-

gies close to threshold, i.e. ≈ 200 GeV, reaching about
2×10−4 at higher energies. It is worth stressing again [23]
that at the ILC this reaction leads to very interesting and
unique signal at relatively low energy, i.e. ∼< 2mt. Note
also the kinematics of these class of events is extremely
constrained which should help in their identification. At
such center of mass energies, due to its huge mass, the
top quark takes up well over half (in-fact most of) the
energy, signifying that it is a single top event, with the
opposite side being an essentially massless (charm) jet,
in particular, it must not contain a b-quark.
Another interesting aspect of this class of events is that

the RS1 framework with a generic effective interaction,
Eq. (1), leads to a sizeable forward-backward asymmetry
due to one helicity (in this case RH) being dominant. For
unpolarized beams, we find that

AFB(e
+e− → tc̄) =

2 ζFB aZtc bZtc aZee bZee

(a2Ztc + b2Ztc)(a
2
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, (8)
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on left-handed (LH) mixing angles and profile of (t, b)L,
tR with the observed quark masses, we can estimate the
size of profiles of all the quarks near the TeV brane and
hence the right-handed (RH) mixing angles as well (see
reference [11] for details). We find (UR)23 ∼ 0.1 and
(UR)13 ∼ 10−3, where UR denote unitary transforma-
tions for RH up-type quarks.
Thus we find:
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and similarly for t̄uZ couplings which are further sup-
pressed. Note that the above models makes a sharp pre-
diction that top flavor-violation is mostly right handed.
Next, we consider radiative processes which require

chirality flip and hence result from loop diagrams. The
dominant contributions involve Higgs and KK fermion in
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top quark pairs will be produced, which will allow to
search for FCNC top decays with a significantly improved
sensitivity [17]. The tcZ coupling in Eq. (1) results in

BR (t → cZ) ∼ 10−5
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Here and below the quantities in parentheses are O(1)
for natural regions of parameter space. With 100 fb−1

luminosity, the expected upper limit on BR (t → cZ) is
∼ a few 10−5 [17]. Thus, we see that the (relatively) huge
BR(t → cZ) in this model, much larger than the expec-
tation from the SM of ≈ 10−13[18], is on the edge of
current LHC sensitivity, providing a motivation to refine
the analysis since an improvement by an order of mag-
nitude will definitively test this framework. Also, with
enough statistics, angular analysis will be able to distin-
guish between LH or RH coupling in tcZ [19]: the above
models predicts that RH coupling dominates. At the

LHC, qq̄ → tc (single top production) via tcZ coupling
or direct KK Z exchange is likely to be overwhelmed by
the large background [20]. However, similar to KK Z,
there are also flavor violating couplings to the KK gluon
which can give observable effects in qq̄ → tc via KK gluon
exchange (see reference [21]).
The dipole operators give

BR (t → cγ, G) ∼ 10−10,−9 ×
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dominated by LH operator. Thus, again we see that
BR(t → cγ, G) in this model is much larger than in the
SM[18], but still too small to be observed: the sensitivi-
ties at the LHC are BR(t → cγ, G) ∼ 10−5,−4 [17].
ILC. Indeed the FC-Ztc effective interaction, Eq.(3)

has the capacity to also lead to a striking and clean sig-
nature via the reaction: e+e− → tc̄ accessible to the ILC.
One finds that

Rtc =
ζtc(a2Ztc + b2Ztc)(a

2
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yc,t = [energy of the charm,top quark/energy of the e−

or e+] and a’s, b’s are the coefficient of vector and axial
pieces respectively [aZtc, bZtc = gZ(g1 ± g2)/2].
The above cross-section is from tcZ coupling and is

dominant at low energies. Using the couplings given
above and dimensional analysis, we can show that at
higher energies, namely,

√
s ∼> mZ ξ ∼ 500 GeV, direct

KK Z, γ exchange is more important and has a different
energy dependence than the SM Z exchange [22]. This
transition in the energy dependence of the cross-section
may be probed experimentally providing a clear signa-
ture for our framework.
Numerically Rtc starts being around 2× 10−5 at ener-

gies close to threshold, i.e. ≈ 200 GeV, reaching about
2×10−4 at higher energies. It is worth stressing again [23]
that at the ILC this reaction leads to very interesting and
unique signal at relatively low energy, i.e. ∼< 2mt. Note
also the kinematics of these class of events is extremely
constrained which should help in their identification. At
such center of mass energies, due to its huge mass, the
top quark takes up well over half (in-fact most of) the
energy, signifying that it is a single top event, with the
opposite side being an essentially massless (charm) jet,
in particular, it must not contain a b-quark.
Another interesting aspect of this class of events is that

the RS1 framework with a generic effective interaction,
Eq. (1), leads to a sizeable forward-backward asymmetry
due to one helicity (in this case RH) being dominant. For
unpolarized beams, we find that

AFB(e
+e− → tc̄) =

2 ζFB aZtc bZtc aZee bZee

(a2Ztc + b2Ztc)(a
2
Zee + b2Zee)

, (8)

hep-ph/0606293

Run3 and HL-LHC will determine indirect reach of future  
(e.g.  and  above observable level at future Higgs and top factory)

e+e−

e+e− → tc BR(t → Zc)

MSSM

2HDM

RPV

Randall-Sundrum

• Future   factories expected to probe new physics indirectly 

• Indirect effects are highly sensitive to the mass scale of new 
physics (e.g. non-interfering new physics/EFT  )

e+e−

∼ MNP
−4
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(Ï†i
Ωæ
D µÏ) © Ï†(iDµÏ)≠(iDµÏ†)Ï; (Ï†i

Ωæ
D I

µÏ) © Ï†· I(iDµÏ)≠(iDµÏ†)· IÏ where · I are the Pauli
matrices; T A

© ⁄A/2 where ⁄A are Gell-Mann matrices.
Four-quark operators:

O1(ijkl)
qq = (q̄i“

µqj)(q̄k“µql), (1)
O3(ijkl)

qq = (q̄i“
µ· Iqj)(q̄k“µ· Iql), (2)

O1(ijkl)
qu = (q̄i“

µqj)(ūk“µul), (3)
O8(ijkl)

qu = (q̄i“
µT Aqj)(ūk“µT Aul), (4)

O1(ijkl)
qd = (q̄i“

µqj)(d̄k“µdl), (5)

O8(ijkl)
qd = (q̄i“

µT Aqj)(d̄k“µT Adl), (6)

O(ijkl)
uu = (ūi“

µuj)(ūk“µul), (7)
O1(ijkl)

ud = (ūi“
µuj)(d̄k“µdl), (8)

O8(ijkl)
ud = (ūi“

µT Auj)(d̄k“µT Adl), (9)
‡O1(ijkl)

quqd = (q̄iuj) Á (q̄kdl), (10)
‡O8(ijkl)

quqd = (q̄iT
Auj) Á (q̄kT Adl), (11)

Two-quark operators:
‡O(ij)

uÏ = q̄iujÏ̃ (Ï†Ï), (12)

O1(ij)
Ïq = (Ï†i

Ωæ
D µÏ)(q̄i“

µqj), (13)

O3(ij)
Ïq = (Ï†i

Ωæ
D I

µÏ)(q̄i“
µ· Iqj), (14)

O(ij)
Ïu = (Ï†i

Ωæ
D µÏ)(ūi“

µuj), (15)
‡O(ij)

Ïud = (Ï̃†iDµÏ)(ūi“
µdj), (16)

‡O(ij)
uW = (q̄i‡

µ‹· Iuj) Ï̃W I
µ‹ , (17)

‡O(ij)
dW = (q̄i‡

µ‹· Idj) ÏW I
µ‹ , (18)

‡O(ij)
uB = (q̄i‡

µ‹uj) Ï̃Bµ‹ , (19)
‡O(ij)

uG = (q̄i‡
µ‹T Auj) Ï̃GA

µ‹ , (20)
Two-quark-two-lepton operators:

O1(ijkl)
lq = (l̄i“µlj)(q̄k“µql), (21)

O3(ijkl)
lq = (l̄i“µ· I lj)(q̄k“µ· Iql), (22)

O(ijkl)
lu = (l̄i“µlj)(ūk“µul), (23)

O(ijkl)
eq = (ēi“

µej)(q̄k“µql), (24)
O(ijkl)

eu = (ēi“
µej)(ūk“µul), (25)

‡O1(ijkl)
lequ = (l̄iej) Á (q̄kul), (26)

‡O3(ijkl)
lequ = (l̄i‡µ‹ej) Á (q̄k‡µ‹ul), (27)

‡O(ijkl)
ledq = (l̄iej)(d̄kql), (28)

Baryon- and lepton-number-violating operators:1
‡O(ijkl)

duq = (dc
i–uj—)(qc

k“Áll) ‘–—“ , (29)
‡O(ijkl)

qqu = (qc
i–Áqj—)(uc

k“el) ‘–—“ , (30)
1In the latest version of Ref. [1], O

1,3
qqq are merged into one single operator with SU(2)L indices mixed between

the two fermion bilinears. The two conventions are technically speaking equivalent [14].

4

Four-heavy (11 + 2 CPV d.o.f.) Indicative direct limits

c1
QQ © 2C1(3333)

qq ≠ 2
3 C3(3333)

qq

c8
QQ © 8C3(3333)

qq

!c+
QQ © C1(3333)

qq + C3(3333)
qq [≠2.92, 2.80] (Ecut = 3 TeV) [44]

c1
Qt © C1(3333)

qu [≠4.97, 4.90] (Ecut = 3 TeV) [44]
c8

Qt © C8(3333)
qu [≠10.3, 9.33] (Ecut = 3 TeV) [44]

c1
Qb © C1(3333)

qd

c8
Qb © C8(3333)

qd

c1
tt © C(3333)

uu [≠2.92, 2.80] (Ecut = 3 TeV) [44]
c1

tb © C1(3333)
ud

c8
tb © C8(3333)

ud

c1[I]
QtQb © [Im]

Re {C1(3333)
quqd

}

c8[I]
QtQb © [Im]

Re {C8(3333)
quqd

}

Two-light-two-heavy (14 d.o.f.)

c3,1
Qq © C3(ii33)

qq + 1
6 (C1(i33i)

qq ≠ C3(i33i)
qq ) [≠0.66, 1.24] [45], [≠3.11, 3.10] [44]

c3,8
Qq © C1(i33i)

qq ≠ C3(i33i)
qq [≠6.06, 6.73] [44]

c1,1
Qq © C1(ii33)

qq + 1
6 C1(i33i)

qq + 1
2 C3(i33i)

qq [≠3.13, 3.15] [44]
c1,8

Qq © C1(i33i)
qq + 3C3(i33i)

qq [≠6.92, 4.93] [44]
c1

Qu © C1(33ii)
qu [≠3.31, 3.44] [44]

c8
Qu © C8(33ii)

qu [≠8.13, 4.05] [44]
c1

Qd © C1(33ii)
qd

[≠4.98, 5.02] [44]
c8

Qd © C8(33ii)
qd

[≠11.7, 9.39] [44]
c1

tq © C1(ii33)
qu [≠2.84, 2.84] [44]

c8
tq © C8(ii33)

qu [≠6.80, 3.49] [44]
c1

tu © C(ii33)
uu + 1

3 C(i33i)
uu [≠3.62, 3.57] [44]

c8
tu © 2C(i33i)

uu [≠8.05, 4.75] [44]
c1

td © C1(33ii)
ud

[≠4.95, 5.04] [44]
c8

td © C8(33ii)
ud

[≠11.8, 9.31] [44]
Two-heavy (9 + 6 CPV d.o.f.)

c[I]
tÏ © [Im]

Re {C(33)
uÏ }

c≠
Ïq © C1(33)

Ïq ≠ C3(33)
Ïq c1

Ïq [≠3.1, 3.1] [45], [≠8.3, 8.6] [46]
c3

ÏQ © C3(33)
Ïq [≠4.1, 2.0] [45], [≠8.6, 8.3] [46]

cÏt © C(33)
Ïu [≠9.7, 8.3] [45], [≠9.1, 9.1] [46]

c[I]
Ïtb © [Im]

Re {C(33)
Ïud

}

c[I]
tW © [Im]

Re {C(33)
uW } ctW [≠4.0, 3.5] [45], [≠4.1, 4.1] [46]

c[I]
tZ © [Im]

Re {≠sW C(33)
uB + cW C(33)

uW } ctB [≠6.9, 4.6] [45], [≠7.6, 7.6] [46]
c[I]

bW © [Im]
Re {C(33)

dW
}

c[I]
tG © [Im]

Re {C(33)
uG } ctG [≠1.32, 1.24] [45]

Two-heavy-two-lepton (8 + 3 CPV d.o.f. ◊3 lepton flavours)

c3(¸)
Ql © C3(¸¸33)

lq

c≠(¸)
Ql © C1(¸¸33)

lq
≠ C3(¸¸33)

lq

c(¸)
Qe © C(¸¸33)

eq

c(¸)
tl © C(¸¸33)

lu

c(¸)
te © C(¸¸33)

eu

cS[I](¸)
t © [Im]

Re {C1(¸¸33)
lequ

}

cT [I](¸)
t © [Im]

Re {C3(¸¸33)
lequ

}

cS[I](¸)
b © [Im]

Re {C(¸¸33)
ledq

}

Table 1: Indicative limits on top-quark operator coe�cients for � = 1 TeV. For details on the
fit procedure, information on the input data and set of operators over which the results are
marginalised please consult the corresponding references (see also Ref. [47]). Coe�cients marked
with a ‘!’ are not independent of the ones previously defined.
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plane from linear EFT fits to di↵erent datasets.

We compare the result of a LEP-only fit (blue) with those adding either the LHC Run II diboson data (orange) or
the HL-LHC diboson projections (green). The three fits are carried out with Level-0 pseudo-data, see App. D.
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Figure 3.11. Posterior distributions for three operators which in the quadratic EFT analysis display looser individual
(one-parameter) bounds in comparison with corresponding marginalised bounds. We show the two-light-two-heavy
operators c1tq, c3,8Qq , and c8Qd. The two fits considered are based on the same global dataset.

operators R�ci is unchanged in the individual fits before and after the inclusion of the HL-LHC projections.

A feature of Fig. 3.9 is that for some operators the individual bounds are looser than the marginalised

ones, albeit by a moderate amount (up to 30%). This is the case for most of the two-light-two-heavy

operators, and visible both with the SMEFiT3.0 dataset and for the fits with HL-LHC pseudo-data. To

investigate the origin of this feature, Fig. 3.11 shows posterior distributions for three operators (the two-

light-two-heavy operators c1tq, c3,8Qq, and c8Qd) which in the quadratic EFT analysis display looser individual

bounds in comparison with corresponding marginalised bounds. For these operators, the marginalised fits

lead to narrower posterior distributions, explaining the observed more stringent constraints. Finally, we

note that in scenarios relevant to the matching to UV models, which involve a subset of EFT operators,

– 28 –

2404.12809

LEP1

S@LHC

3ab-1, δsys=5%
100fb-1, δsys=10%

-0.010 -0.005 0.000 0.005 0.010

-0.010

-0.005

0.000

0.005

0.010

cW

c B

1712.01310  S u p p l e m e n t a r y M a t e r i a l

3

-15 -10 -5 0 5 10 15
-15

-10

-5

0

5

10

15

W⨯104

Y
⨯1
04

LEP I-II
pp→ℓ+ℓ-
pp→ℓν

solid: 13TeV, 0.3ab-1

dashed: 13TeV, 3ab-1

-4 -2 0 2 4
-4

-2

0

2

4

W⨯105

Y
⨯1
05

pp→ℓ+ℓ-
pp→ℓν

solid: 100TeV, 3ab-1

dashed: 100TeV, 10ab-1
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from LHC measurements at various luminosities and energies, compared to LEP bounds (gray). Right: projected reach from

a 100TeV collider (notice the change of scale).

and transverse lepton mass (for charged DY) bins and
compared with the observations using a �2 test. The
value of the cross section in each bin can be written as
� = �SM (1 +

P
p apCp +

P
pq bpqCpCq), C = {W,Y},

and ap, bpq are numbers that vary bin-by-bin. The coef-
ficients ap represent the interference between the SM and
the new physics, which is the leading e↵ect in our case.
The SM cross section, �SM , is computed at NNLO QCD
using FEWZ [29–32, 43, 44]. The NNPDF2.3@NNLO
PDF [45, 46], with ↵s = 0.119, is employed for the cen-
tral value predictions at 8 and 13TeV, and to quantify
PDF uncertainties. We use NNPDF3.0@NNLO [47] for
100TeV projections. The QCD scale and PDF uncertain-
ties are included following Ref. [39]. The photon PDF is
not a significant source of uncertainty, because it was
recently determined with high precision [48].

Run-1 limits on W and Y from neutral DY are ob-
tained using the di↵erential cross section measurements
performed by ATLAS [25] and CMS [23], including the
full correlation matrix of experimental uncertainties. The
left panel of Fig. 1 shows the comparison of the ATLAS
and CMS measurements with our theoretical predictions
for the cross section in each bin in the SM (W = Y = 0)
hypothesis. Theoretical uncertainties from PDF and
scale uncertainty are displayed as a shaded band, while
the black error bars represent experimental uncertain-
ties. Our predictions reproduce observations, under the
SM hypothesis, over the whole invariant mass range. We
also notice that statistical errors are by far dominant at
high mass, the theoretical and systematical uncertain-
ties being one order of magnitude smaller, around 2%.
The right panel of Fig. 1 shows the 95% exclusion con-
tours obtained with ATLAS and CMS data in the W-Y

plane. The constraint from LEP and from other low-
energy measurements [42] is displayed as a grey region
(marginalizing over Ŝ and T̂). Run-1 limits from neutral
DY are already competitive with LEP constraints.
We project neutral/charged DY reach at 13 TeV and

at a future 100 TeV collider. We also project the reach
of 8 TeV for charged DY (di↵erential cross section mea-
surements are presently unavailable at high transverse
mass). In order to estimate experimental uncertainties,
we include fully correlated (�c) and uncorrelated (�uc) un-
certainties. For neutral DY, we use �c = �uc = 2%, com-
mensurate with uncertainties achieved in existing 8 TeV
measurements. For charged DY we use �c = �uc = 5%,
consistent with uncertainty attributed to charged DY
backgrounds to W 0 searches [49–51]. We apply the cuts
p`T > 25 GeV and |⌘`| < 2.5 on leptons, and assume
an identification e�ciency of 65% (80%) for electrons
(muons). For neutral (charged) DY we bin invariant
(transverse) mass as in Ref. [39].
Our 13 TeV results, overlaid with the LEP limit, are

shown in Fig. 2 left, for luminosities of 100, 300, and
3000 fb�1. The projected LHC limits are radically bet-
ter than present constraints. The expected Run-1 limit
on W from charged DY is shown as a dotted green band.
The reach far surpasses LEP, even with Run-1 data. Pro-
jections for 100TeV are shown to the right of Fig. 2 for
luminosities of 3 and 10 ab�1.

In order to delve deeper into our results, Fig. 3 shows
how the limit on W or Y changes if only invariant
mass (for neutral DY, left panel) or transverse mass (for
charged DY, right panel) bins below a certain threshold
⇤cut are included. We learn that our limits mainly rely on
measurements below 1 (2) TeV for

p
s = 8 (13) TeV. The
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question by studying the e↵ect of “uni-
versal” new physics [8] on neutral and charged Drell-Yan
(DY) [9] processes: pp ! `+`� and pp ! `⌫. Uni-
versal theories include scenarios with new heavy vectors
that mix with SM ones [10–15], new electroweak charged
particles [16], and electroweak gauge boson composite-
ness [17]. The e↵ects of universal new physics on DY
process can be parameterized as modifications of elec-
troweak gauge boson propagators and encapsulated in
the “oblique parameters” [18]. At leading order in a
derivative expansion they correspond to Ŝ, T̂, W, and
Y [8], which modify the �, Z, and W propagators. The
e↵ects of Ŝ and T̂ on DY processes do not grow with en-
ergy, making it di�cult for the LHC to surpass stringent
constraints from LEP [1]. On the other hand, W and

Y, which are generated by the dimension-6 operators of
table I, give rise to e↵ects that grow with energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [19–
25], Parton Distribution Function (PDF) determination,
and NNLO calculations [26–32]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.

While we propose to use DY for electroweak preci-
sion tests, previous studies have shown DY can probe
4-fermion contact operators [33–37], the running of elec-
troweak gauge couplings [38, 39], and quantum e↵ects
from superpartners [40, 41].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral and charged vector boson propa-
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(Ï†i
Ωæ
D µÏ) © Ï†(iDµÏ)≠(iDµÏ†)Ï; (Ï†i

Ωæ
D I

µÏ) © Ï†· I(iDµÏ)≠(iDµÏ†)· IÏ where · I are the Pauli
matrices; T A

© ⁄A/2 where ⁄A are Gell-Mann matrices.
Four-quark operators:

O1(ijkl)
qq = (q̄i“

µqj)(q̄k“µql), (1)
O3(ijkl)

qq = (q̄i“
µ· Iqj)(q̄k“µ· Iql), (2)

O1(ijkl)
qu = (q̄i“

µqj)(ūk“µul), (3)
O8(ijkl)

qu = (q̄i“
µT Aqj)(ūk“µT Aul), (4)

O1(ijkl)
qd = (q̄i“

µqj)(d̄k“µdl), (5)

O8(ijkl)
qd = (q̄i“

µT Aqj)(d̄k“µT Adl), (6)

O(ijkl)
uu = (ūi“

µuj)(ūk“µul), (7)
O1(ijkl)

ud = (ūi“
µuj)(d̄k“µdl), (8)

O8(ijkl)
ud = (ūi“

µT Auj)(d̄k“µT Adl), (9)
‡O1(ijkl)

quqd = (q̄iuj) Á (q̄kdl), (10)
‡O8(ijkl)

quqd = (q̄iT
Auj) Á (q̄kT Adl), (11)

Two-quark operators:
‡O(ij)

uÏ = q̄iujÏ̃ (Ï†Ï), (12)

O1(ij)
Ïq = (Ï†i

Ωæ
D µÏ)(q̄i“

µqj), (13)

O3(ij)
Ïq = (Ï†i

Ωæ
D I

µÏ)(q̄i“
µ· Iqj), (14)

O(ij)
Ïu = (Ï†i

Ωæ
D µÏ)(ūi“

µuj), (15)
‡O(ij)

Ïud = (Ï̃†iDµÏ)(ūi“
µdj), (16)

‡O(ij)
uW = (q̄i‡

µ‹· Iuj) Ï̃W I
µ‹ , (17)

‡O(ij)
dW = (q̄i‡

µ‹· Idj) ÏW I
µ‹ , (18)

‡O(ij)
uB = (q̄i‡

µ‹uj) Ï̃Bµ‹ , (19)
‡O(ij)

uG = (q̄i‡
µ‹T Auj) Ï̃GA

µ‹ , (20)
Two-quark-two-lepton operators:

O1(ijkl)
lq = (l̄i“µlj)(q̄k“µql), (21)

O3(ijkl)
lq = (l̄i“µ· I lj)(q̄k“µ· Iql), (22)

O(ijkl)
lu = (l̄i“µlj)(ūk“µul), (23)

O(ijkl)
eq = (ēi“

µej)(q̄k“µql), (24)
O(ijkl)

eu = (ēi“
µej)(ūk“µul), (25)

‡O1(ijkl)
lequ = (l̄iej) Á (q̄kul), (26)

‡O3(ijkl)
lequ = (l̄i‡µ‹ej) Á (q̄k‡µ‹ul), (27)

‡O(ijkl)
ledq = (l̄iej)(d̄kql), (28)

Baryon- and lepton-number-violating operators:1
‡O(ijkl)

duq = (dc
i–uj—)(qc

k“Áll) ‘–—“ , (29)
‡O(ijkl)

qqu = (qc
i–Áqj—)(uc

k“el) ‘–—“ , (30)
1In the latest version of Ref. [1], O

1,3
qqq are merged into one single operator with SU(2)L indices mixed between

the two fermion bilinears. The two conventions are technically speaking equivalent [14].

4

Four-heavy (11 + 2 CPV d.o.f.) Indicative direct limits

c1
QQ © 2C1(3333)

qq ≠ 2
3 C3(3333)

qq

c8
QQ © 8C3(3333)

qq

!c+
QQ © C1(3333)

qq + C3(3333)
qq [≠2.92, 2.80] (Ecut = 3 TeV) [44]

c1
Qt © C1(3333)

qu [≠4.97, 4.90] (Ecut = 3 TeV) [44]
c8

Qt © C8(3333)
qu [≠10.3, 9.33] (Ecut = 3 TeV) [44]

c1
Qb © C1(3333)

qd

c8
Qb © C8(3333)

qd

c1
tt © C(3333)

uu [≠2.92, 2.80] (Ecut = 3 TeV) [44]
c1

tb © C1(3333)
ud

c8
tb © C8(3333)

ud

c1[I]
QtQb © [Im]

Re {C1(3333)
quqd

}

c8[I]
QtQb © [Im]

Re {C8(3333)
quqd

}

Two-light-two-heavy (14 d.o.f.)

c3,1
Qq © C3(ii33)

qq + 1
6 (C1(i33i)

qq ≠ C3(i33i)
qq ) [≠0.66, 1.24] [45], [≠3.11, 3.10] [44]

c3,8
Qq © C1(i33i)

qq ≠ C3(i33i)
qq [≠6.06, 6.73] [44]

c1,1
Qq © C1(ii33)

qq + 1
6 C1(i33i)

qq + 1
2 C3(i33i)

qq [≠3.13, 3.15] [44]
c1,8

Qq © C1(i33i)
qq + 3C3(i33i)

qq [≠6.92, 4.93] [44]
c1

Qu © C1(33ii)
qu [≠3.31, 3.44] [44]

c8
Qu © C8(33ii)

qu [≠8.13, 4.05] [44]
c1

Qd © C1(33ii)
qd

[≠4.98, 5.02] [44]
c8

Qd © C8(33ii)
qd

[≠11.7, 9.39] [44]
c1

tq © C1(ii33)
qu [≠2.84, 2.84] [44]

c8
tq © C8(ii33)

qu [≠6.80, 3.49] [44]
c1

tu © C(ii33)
uu + 1

3 C(i33i)
uu [≠3.62, 3.57] [44]

c8
tu © 2C(i33i)

uu [≠8.05, 4.75] [44]
c1

td © C1(33ii)
ud

[≠4.95, 5.04] [44]
c8

td © C8(33ii)
ud

[≠11.8, 9.31] [44]
Two-heavy (9 + 6 CPV d.o.f.)

c[I]
tÏ © [Im]

Re {C(33)
uÏ }

c≠
Ïq © C1(33)

Ïq ≠ C3(33)
Ïq c1

Ïq [≠3.1, 3.1] [45], [≠8.3, 8.6] [46]
c3

ÏQ © C3(33)
Ïq [≠4.1, 2.0] [45], [≠8.6, 8.3] [46]

cÏt © C(33)
Ïu [≠9.7, 8.3] [45], [≠9.1, 9.1] [46]

c[I]
Ïtb © [Im]

Re {C(33)
Ïud

}

c[I]
tW © [Im]

Re {C(33)
uW } ctW [≠4.0, 3.5] [45], [≠4.1, 4.1] [46]

c[I]
tZ © [Im]

Re {≠sW C(33)
uB + cW C(33)

uW } ctB [≠6.9, 4.6] [45], [≠7.6, 7.6] [46]
c[I]

bW © [Im]
Re {C(33)

dW
}

c[I]
tG © [Im]

Re {C(33)
uG } ctG [≠1.32, 1.24] [45]

Two-heavy-two-lepton (8 + 3 CPV d.o.f. ◊3 lepton flavours)

c3(¸)
Ql © C3(¸¸33)

lq

c≠(¸)
Ql © C1(¸¸33)

lq
≠ C3(¸¸33)

lq

c(¸)
Qe © C(¸¸33)

eq

c(¸)
tl © C(¸¸33)

lu

c(¸)
te © C(¸¸33)

eu

cS[I](¸)
t © [Im]

Re {C1(¸¸33)
lequ

}

cT [I](¸)
t © [Im]

Re {C3(¸¸33)
lequ

}

cS[I](¸)
b © [Im]

Re {C(¸¸33)
ledq

}

Table 1: Indicative limits on top-quark operator coe�cients for � = 1 TeV. For details on the
fit procedure, information on the input data and set of operators over which the results are
marginalised please consult the corresponding references (see also Ref. [47]). Coe�cients marked
with a ‘!’ are not independent of the ones previously defined.
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Figure 3.10. The 95% CL marginalised intervals in the
⇣
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⌘
plane from linear EFT fits to di↵erent datasets.

We compare the result of a LEP-only fit (blue) with those adding either the LHC Run II diboson data (orange) or
the HL-LHC diboson projections (green). The three fits are carried out with Level-0 pseudo-data, see App. D.
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Figure 3.11. Posterior distributions for three operators which in the quadratic EFT analysis display looser individual
(one-parameter) bounds in comparison with corresponding marginalised bounds. We show the two-light-two-heavy
operators c1tq, c3,8Qq , and c8Qd. The two fits considered are based on the same global dataset.

operators R�ci is unchanged in the individual fits before and after the inclusion of the HL-LHC projections.

A feature of Fig. 3.9 is that for some operators the individual bounds are looser than the marginalised

ones, albeit by a moderate amount (up to 30%). This is the case for most of the two-light-two-heavy

operators, and visible both with the SMEFiT3.0 dataset and for the fits with HL-LHC pseudo-data. To

investigate the origin of this feature, Fig. 3.11 shows posterior distributions for three operators (the two-

light-two-heavy operators c1tq, c3,8Qq, and c8Qd) which in the quadratic EFT analysis display looser individual

bounds in comparison with corresponding marginalised bounds. For these operators, the marginalised fits

lead to narrower posterior distributions, explaining the observed more stringent constraints. Finally, we

note that in scenarios relevant to the matching to UV models, which involve a subset of EFT operators,

– 28 –

2404.12809

LEP1

S@LHC

3ab-1, δsys=5%
100fb-1, δsys=10%

-0.010 -0.005 0.000 0.005 0.010

-0.010

-0.005

0.000

0.005

0.010

cW

c B

1712.01310  S u p p l e m e n t a r y M a t e r i a l

3

-15 -10 -5 0 5 10 15
-15

-10

-5

0

5

10

15

W⨯104

Y
⨯1
04

LEP I-II
pp→ℓ+ℓ-
pp→ℓν

solid: 13TeV, 0.3ab-1

dashed: 13TeV, 3ab-1

-4 -2 0 2 4
-4

-2

0

2

4

W⨯105

Y
⨯1
05

pp→ℓ+ℓ-
pp→ℓν

solid: 100TeV, 3ab-1

dashed: 100TeV, 10ab-1

FIG. 2. Projected 95% CL exclusions in the W-Y plane. Left: exclusion from neutral (purple) and charged (green) DY

from LHC measurements at various luminosities and energies, compared to LEP bounds (gray). Right: projected reach from

a 100TeV collider (notice the change of scale).

and transverse lepton mass (for charged DY) bins and
compared with the observations using a �2 test. The
value of the cross section in each bin can be written as
� = �SM (1 +

P
p apCp +

P
pq bpqCpCq), C = {W,Y},

and ap, bpq are numbers that vary bin-by-bin. The coef-
ficients ap represent the interference between the SM and
the new physics, which is the leading e↵ect in our case.
The SM cross section, �SM , is computed at NNLO QCD
using FEWZ [29–32, 43, 44]. The NNPDF2.3@NNLO
PDF [45, 46], with ↵s = 0.119, is employed for the cen-
tral value predictions at 8 and 13TeV, and to quantify
PDF uncertainties. We use NNPDF3.0@NNLO [47] for
100TeV projections. The QCD scale and PDF uncertain-
ties are included following Ref. [39]. The photon PDF is
not a significant source of uncertainty, because it was
recently determined with high precision [48].

Run-1 limits on W and Y from neutral DY are ob-
tained using the di↵erential cross section measurements
performed by ATLAS [25] and CMS [23], including the
full correlation matrix of experimental uncertainties. The
left panel of Fig. 1 shows the comparison of the ATLAS
and CMS measurements with our theoretical predictions
for the cross section in each bin in the SM (W = Y = 0)
hypothesis. Theoretical uncertainties from PDF and
scale uncertainty are displayed as a shaded band, while
the black error bars represent experimental uncertain-
ties. Our predictions reproduce observations, under the
SM hypothesis, over the whole invariant mass range. We
also notice that statistical errors are by far dominant at
high mass, the theoretical and systematical uncertain-
ties being one order of magnitude smaller, around 2%.
The right panel of Fig. 1 shows the 95% exclusion con-
tours obtained with ATLAS and CMS data in the W-Y

plane. The constraint from LEP and from other low-
energy measurements [42] is displayed as a grey region
(marginalizing over Ŝ and T̂). Run-1 limits from neutral
DY are already competitive with LEP constraints.
We project neutral/charged DY reach at 13 TeV and

at a future 100 TeV collider. We also project the reach
of 8 TeV for charged DY (di↵erential cross section mea-
surements are presently unavailable at high transverse
mass). In order to estimate experimental uncertainties,
we include fully correlated (�c) and uncorrelated (�uc) un-
certainties. For neutral DY, we use �c = �uc = 2%, com-
mensurate with uncertainties achieved in existing 8 TeV
measurements. For charged DY we use �c = �uc = 5%,
consistent with uncertainty attributed to charged DY
backgrounds to W 0 searches [49–51]. We apply the cuts
p`T > 25 GeV and |⌘`| < 2.5 on leptons, and assume
an identification e�ciency of 65% (80%) for electrons
(muons). For neutral (charged) DY we bin invariant
(transverse) mass as in Ref. [39].
Our 13 TeV results, overlaid with the LEP limit, are

shown in Fig. 2 left, for luminosities of 100, 300, and
3000 fb�1. The projected LHC limits are radically bet-
ter than present constraints. The expected Run-1 limit
on W from charged DY is shown as a dotted green band.
The reach far surpasses LEP, even with Run-1 data. Pro-
jections for 100TeV are shown to the right of Fig. 2 for
luminosities of 3 and 10 ab�1.

In order to delve deeper into our results, Fig. 3 shows
how the limit on W or Y changes if only invariant
mass (for neutral DY, left panel) or transverse mass (for
charged DY, right panel) bins below a certain threshold
⇤cut are included. We learn that our limits mainly rely on
measurements below 1 (2) TeV for

p
s = 8 (13) TeV. The
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question by studying the e↵ect of “uni-
versal” new physics [8] on neutral and charged Drell-Yan
(DY) [9] processes: pp ! `+`� and pp ! `⌫. Uni-
versal theories include scenarios with new heavy vectors
that mix with SM ones [10–15], new electroweak charged
particles [16], and electroweak gauge boson composite-
ness [17]. The e↵ects of universal new physics on DY
process can be parameterized as modifications of elec-
troweak gauge boson propagators and encapsulated in
the “oblique parameters” [18]. At leading order in a
derivative expansion they correspond to Ŝ, T̂, W, and
Y [8], which modify the �, Z, and W propagators. The
e↵ects of Ŝ and T̂ on DY processes do not grow with en-
ergy, making it di�cult for the LHC to surpass stringent
constraints from LEP [1]. On the other hand, W and

Y, which are generated by the dimension-6 operators of
table I, give rise to e↵ects that grow with energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [19–
25], Parton Distribution Function (PDF) determination,
and NNLO calculations [26–32]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.

While we propose to use DY for electroweak preci-
sion tests, previous studies have shown DY can probe
4-fermion contact operators [33–37], the running of elec-
troweak gauge couplings [38, 39], and quantum e↵ects
from superpartners [40, 41].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral and charged vector boson propa-

ar
X

iv
:1

60
9.

08
15

7v
1 

 [h
ep

-p
h]

  2
6 

Se
p 

20
16

H
LHC measures the size of the Higgs boson

• Run3 and HL-LHC will take the size of the Higgs boson 

• Probes of new electroweak matter, including (fractions of ) Dark 
Matter enabled by Run3 and HL-LHC
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Conclusions: Plenty of opportunities on all the spectrum

“Every SM measurement is a new physics search. Every 
BSM search is a SM measurement”
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precision, thus time and work is needed to 
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Conclusions

• High-mass “supra-electroweak” regime will cover new ground in Higgs boson 
and top quark compositeness, probes of electroweak matter, flavor and 
electroweak symmetry dynamics  important and broad impact on the 
experimental program and future colliders 

⇒

• Plenty of opportunities on all the spectrum 
• luminosity of order of fractions of ab-1 from Run3 and HL-LHC 

enable unprecedented sensitivity to key aspects of SM and BSM 
physics

• New physics searches intertwined with measurement of SM quantities in the 
“sub-electroweak” and “circa-electroweak” phase-space
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mϕ = 10 GeV

4

general test of NP and has the added value to be indepen-
dent of the EW fit results and the assumptions therein.

The qualitatively new aspect of �mW being a floated
parameter in Eq. (3) implies that with the same anal-
ysis we extract mW and test NP. The 2-dimensional fit
in the (�mW ,�NP) is reported in Fig. 4 for mZ0 = 10
GeV. By assuming 0.5% per-bin uncorrelated systematics
and including the e↵ect of pileup through Delphes, the
ATLAS measured uncertainty is roughly reproduced.6

Pileup has an impact on the mT distribution and on the
resulting mW sensitivity. The p`T distribution, on the
contrary, is largely insensitive to pileup, hence we use it
to draw more firm conclusions on features of our 2D-fit.

The systematics on the kinematic distributions shown
in [5] are below 0.5%. Therefore, we also consider per-bin
systematics of 0.1%. The expected sensitivity to mW (at
zero gZ0) is slightly stronger than the current ATLAS
7 TeV L = 4.6 fb�1 measurement [5]. This is mainly
because we are not including any source of correlated
systematics, and we are assuming much larger statistics
from a 13 TeV run with L = 300 fb�1.

The distortion of the p`T exclusion line (blue) at large
values of gZ0 implies a preference towards positive �mW .
This suggests that NP might in principle impact the
sensitivity to mW , possibly producing a shift in the ex-
tracted value and/or a↵ecting the estimate of the associ-
ated uncertainty on mW . Yet, the e↵ect shown in Fig. 4
is limited to only ⇠ 10 MeV. However, a quantitative as-
sessment of this e↵ect requires the inclusion of the proper
experimental setup and is beyond the scope of this letter.
The sensitivity to gZ0 at �mW = 0 is only marginally af-
fected by pileup, showing the robustness of the sensitivity
to NP.

For completeness, we report in Fig. 5a in the supple-
mental material an analogous study for CDF [1]. In this
case, the e↵ect of the NP in the mW determination is less
pronounced, due to a sharper Jacobian peak related to
the better control of the hadronic activity at CDF which
anchors the mW fit more robustly.

We now turn to the test of the NP hypothesis. Assum-
ing no prior knowledge on mW , the correct procedure to
put bounds on NP is to marginalize on �mW for each
value of the NP parameters. This is shown in Fig. 2a for
LHC (L = 300 fb�1) sensitivity projection. Prior knowl-
edge on mW (either from other measurements or from
theory predictions) might impact the sensitivity to NP,
as shown in Fig. 4.

For this analysis, positively and negatively charged-
muon events are added together, and �2 for p`T and mT

are combined without correlation. Here, the sensitivity
projections for CDF are also reported. The reach for
mZ0 ' 10 GeV is competitive with the best probe for
this model from a dedicated experiment (CCFR) [26, 43].
Yet, it is remarkable that for a 10 GeV Z 0-boson, the

6 The average number of pileup events per bunch crossing is hµi =
50.

Figure 4: 68% CL projected sensitivity to Lµ � L⌧ at
LHC (ATLAS) (mZ0 = 10GeV).

mW measurement has the power to probe couplings
⇠ few ⇥ 0.01, provided su�cient control of the sys-
tematics. Interestingly, less constrained models such as
the “neutrinophilic scalar” of [44] or the “Dirac neutrino
portal” [45] fall in category (A). For the neutrinophilic
scalar, we expect the mW measurement to be the best
probe [31].

IV. MSSM: SLEPTON-SNEUTRINO
PRODUCTION

We now turn to the minimal supersymmetric standard
model (MSSM) [46], which o↵ers a simple irreducible
“background” for the mW measurement: “left-handed”
SU(2)L doublet slepton-sneutrino production, with sub-
sequent decay into lepton plus only invisible particles (see
Fig. 1 right),

pp ! ˜̀(! ` �̃0
1) ⌫̃` . (4)

In this scenario, both the sneutrino and neutralino are
invisible, and either one could be the lightest stable par-
ticle (LSP).7 For simplicity, we assume that the other su-
perpartners, including SU(2)L singlet – or right-handed
sleptons – are heavy, thus having negligible cross-sections
at the LHC.
Sleptons lighter than 100 GeV are excluded by LEP

[47–51]. Sleptons heavier than the LEP bound have neg-
ligible cross-section at the Tevatron so we do not consider

7 When the lightest neutralino �̃0
1 is the LSP, ˜̀! ` �̃0

1, and ⌫̃ !
⌫ �̃0

1, as illustrated in Fig. 1, produces the ` + MET final state.
If the sneutrino is the LSP (not shown), then �̃0

1 ! ⌫̃ ⌫ also
maintains the `+MET final state.

}ATLAS δmW

}CDF δmW

2

(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].
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We show that the mW measurement is a direct probe of New Physics (NP) contributing to
`+MET, independently from indirect tests via the electroweak fit. Such NP modifies the kinematic
distributions used to extract mW , necessitating a simultaneous fit to mW and NP. This e↵ect can
in principle bias the mW measurement, but only to a limited extent for our considered models.
Given that, we demonstrate that the agreement at high-precision with SM-predicted shapes results
in bounds competitive to, if not exceeding, existing ones for two examples: anomalous W decay
involving a Lµ � L⌧ gauge boson and ⌫̃l l̃ production in the MSSM.

I. INTRODUCTION

The mass of the W boson plays a crucial role in
our understanding of nature. The discrepancy between
the recent and most precise measurement by CDF [1]
and the SM prediction might already be a hint of new
physics (NP) beyond the Standard Model (BSM). Theo-
retical explanations commonly invoke new contributions
to the electroweak (EW) fit [2] in order to shift the value
of the SM prediction (see for instance [3, 4]) and ex-
plain the anomaly. Yet, the more recent re-measurement
by ATLAS [5, 6] adds to the puzzle, confirming the
SM-predicted value and the previous measurements by
LHCb, D; and LEP [7–9]. Whether in the future the
CDF anomaly will be confirmed cannot be foreseen. The
only fact that we have today is the striking precision of
10�4 of these measurements and of the corresponding
theory SM predictions. This precision might even im-
prove in the near future due to an ongoing intense experi-
mental [5, 10] and theoretical e↵ort (see e.g. Refs. [11–17]
for recent works).

The mW experimental value is extracted from the si-
multaneous fit of di↵erent measured kinematic distribu-
tions (see below) in leptonic decays of singly-produced
W -bosons to the SM predictions. Both ATLAS and CDF
find perfect agreement with their best-fit SM distribu-
tions.

We show in this letter that the data used for the mW
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Figure 1: NP contributions to the W -boson mass sample
in the `+MET channel. Left: invisibly-decaying Lµ�L⌧

Z 0-boson. Right: slepton-sneutrino production in the
MSSM.

measurement can simultaneously be a powerful direct
probe for any NP that contributes to the same final state.
The key observation is that NP produces kinematic dis-
tributions that are su�ciently di↵erent with respect to
those in the SM. Hence, the same analysis can be used
for the extraction of both mW and NP parameters. The
correct procedure thus requires a global fit, which might
in principle shift the measurement of mW , with NP pro-
viding new nuisance parameters.

This paradigm is general, having already been at-
tempted in [18–24] for the top quark, in the context of
NP copiously produced via strong interactions. Fainter
signals of NP charged only under the electroweak inter-
action are more challenging. Yet we will show how the
extraordinary precision of the mW measurement can put
competitive bounds on motivated new physics scenarios,
and in some cases to exceed present bounds, e.g. those
for long-sought SUSY sleptons. This strategy is in ad-
dition to the classic test based on EW fit of the SM to
which we are accustomed since LEP [25]. In this letter,
we focus solely on the mW measurement. We classify the
possible NP that can contaminate the measured sample
and quantify the sensitivity to two concrete, well-known
BSM scenarios (see Fig. 1).
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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

https://indico.cern.ch/event/1253590/
https://arxiv.org/abs/2404.17574
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general test of NP and has the added value to be indepen-
dent of the EW fit results and the assumptions therein.

The qualitatively new aspect of �mW being a floated
parameter in Eq. (3) implies that with the same anal-
ysis we extract mW and test NP. The 2-dimensional fit
in the (�mW ,�NP) is reported in Fig. 4 for mZ0 = 10
GeV. By assuming 0.5% per-bin uncorrelated systematics
and including the e↵ect of pileup through Delphes, the
ATLAS measured uncertainty is roughly reproduced.6

Pileup has an impact on the mT distribution and on the
resulting mW sensitivity. The p`T distribution, on the
contrary, is largely insensitive to pileup, hence we use it
to draw more firm conclusions on features of our 2D-fit.

The systematics on the kinematic distributions shown
in [5] are below 0.5%. Therefore, we also consider per-bin
systematics of 0.1%. The expected sensitivity to mW (at
zero gZ0) is slightly stronger than the current ATLAS
7 TeV L = 4.6 fb�1 measurement [5]. This is mainly
because we are not including any source of correlated
systematics, and we are assuming much larger statistics
from a 13 TeV run with L = 300 fb�1.

The distortion of the p`T exclusion line (blue) at large
values of gZ0 implies a preference towards positive �mW .
This suggests that NP might in principle impact the
sensitivity to mW , possibly producing a shift in the ex-
tracted value and/or a↵ecting the estimate of the associ-
ated uncertainty on mW . Yet, the e↵ect shown in Fig. 4
is limited to only ⇠ 10 MeV. However, a quantitative as-
sessment of this e↵ect requires the inclusion of the proper
experimental setup and is beyond the scope of this letter.
The sensitivity to gZ0 at �mW = 0 is only marginally af-
fected by pileup, showing the robustness of the sensitivity
to NP.

For completeness, we report in Fig. 5a in the supple-
mental material an analogous study for CDF [1]. In this
case, the e↵ect of the NP in the mW determination is less
pronounced, due to a sharper Jacobian peak related to
the better control of the hadronic activity at CDF which
anchors the mW fit more robustly.

We now turn to the test of the NP hypothesis. Assum-
ing no prior knowledge on mW , the correct procedure to
put bounds on NP is to marginalize on �mW for each
value of the NP parameters. This is shown in Fig. 2a for
LHC (L = 300 fb�1) sensitivity projection. Prior knowl-
edge on mW (either from other measurements or from
theory predictions) might impact the sensitivity to NP,
as shown in Fig. 4.

For this analysis, positively and negatively charged-
muon events are added together, and �2 for p`T and mT

are combined without correlation. Here, the sensitivity
projections for CDF are also reported. The reach for
mZ0 ' 10 GeV is competitive with the best probe for
this model from a dedicated experiment (CCFR) [26, 43].
Yet, it is remarkable that for a 10 GeV Z 0-boson, the

6 The average number of pileup events per bunch crossing is hµi =
50.

Figure 4: 68% CL projected sensitivity to Lµ � L⌧ at
LHC (ATLAS) (mZ0 = 10GeV).

mW measurement has the power to probe couplings
⇠ few ⇥ 0.01, provided su�cient control of the sys-
tematics. Interestingly, less constrained models such as
the “neutrinophilic scalar” of [44] or the “Dirac neutrino
portal” [45] fall in category (A). For the neutrinophilic
scalar, we expect the mW measurement to be the best
probe [31].

IV. MSSM: SLEPTON-SNEUTRINO
PRODUCTION

We now turn to the minimal supersymmetric standard
model (MSSM) [46], which o↵ers a simple irreducible
“background” for the mW measurement: “left-handed”
SU(2)L doublet slepton-sneutrino production, with sub-
sequent decay into lepton plus only invisible particles (see
Fig. 1 right),

pp ! ˜̀(! ` �̃0
1) ⌫̃` . (4)

In this scenario, both the sneutrino and neutralino are
invisible, and either one could be the lightest stable par-
ticle (LSP).7 For simplicity, we assume that the other su-
perpartners, including SU(2)L singlet – or right-handed
sleptons – are heavy, thus having negligible cross-sections
at the LHC.
Sleptons lighter than 100 GeV are excluded by LEP

[47–51]. Sleptons heavier than the LEP bound have neg-
ligible cross-section at the Tevatron so we do not consider

7 When the lightest neutralino �̃0
1 is the LSP, ˜̀! ` �̃0

1, and ⌫̃ !
⌫ �̃0

1, as illustrated in Fig. 1, produces the ` + MET final state.
If the sneutrino is the LSP (not shown), then �̃0

1 ! ⌫̃ ⌫ also
maintains the `+MET final state.

}ATLAS δmW

}CDF δmW

2

(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].
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We show that the mW measurement is a direct probe of New Physics (NP) contributing to
`+MET, independently from indirect tests via the electroweak fit. Such NP modifies the kinematic
distributions used to extract mW , necessitating a simultaneous fit to mW and NP. This e↵ect can
in principle bias the mW measurement, but only to a limited extent for our considered models.
Given that, we demonstrate that the agreement at high-precision with SM-predicted shapes results
in bounds competitive to, if not exceeding, existing ones for two examples: anomalous W decay
involving a Lµ � L⌧ gauge boson and ⌫̃l l̃ production in the MSSM.

I. INTRODUCTION

The mass of the W boson plays a crucial role in
our understanding of nature. The discrepancy between
the recent and most precise measurement by CDF [1]
and the SM prediction might already be a hint of new
physics (NP) beyond the Standard Model (BSM). Theo-
retical explanations commonly invoke new contributions
to the electroweak (EW) fit [2] in order to shift the value
of the SM prediction (see for instance [3, 4]) and ex-
plain the anomaly. Yet, the more recent re-measurement
by ATLAS [5, 6] adds to the puzzle, confirming the
SM-predicted value and the previous measurements by
LHCb, D; and LEP [7–9]. Whether in the future the
CDF anomaly will be confirmed cannot be foreseen. The
only fact that we have today is the striking precision of
10�4 of these measurements and of the corresponding
theory SM predictions. This precision might even im-
prove in the near future due to an ongoing intense experi-
mental [5, 10] and theoretical e↵ort (see e.g. Refs. [11–17]
for recent works).

The mW experimental value is extracted from the si-
multaneous fit of di↵erent measured kinematic distribu-
tions (see below) in leptonic decays of singly-produced
W -bosons to the SM predictions. Both ATLAS and CDF
find perfect agreement with their best-fit SM distribu-
tions.

We show in this letter that the data used for the mW
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Figure 1: NP contributions to the W -boson mass sample
in the `+MET channel. Left: invisibly-decaying Lµ�L⌧

Z 0-boson. Right: slepton-sneutrino production in the
MSSM.

measurement can simultaneously be a powerful direct
probe for any NP that contributes to the same final state.
The key observation is that NP produces kinematic dis-
tributions that are su�ciently di↵erent with respect to
those in the SM. Hence, the same analysis can be used
for the extraction of both mW and NP parameters. The
correct procedure thus requires a global fit, which might
in principle shift the measurement of mW , with NP pro-
viding new nuisance parameters.

This paradigm is general, having already been at-
tempted in [18–24] for the top quark, in the context of
NP copiously produced via strong interactions. Fainter
signals of NP charged only under the electroweak inter-
action are more challenging. Yet we will show how the
extraordinary precision of the mW measurement can put
competitive bounds on motivated new physics scenarios,
and in some cases to exceed present bounds, e.g. those
for long-sought SUSY sleptons. This strategy is in ad-
dition to the classic test based on EW fit of the SM to
which we are accustomed since LEP [25]. In this letter,
we focus solely on the mW measurement. We classify the
possible NP that can contaminate the measured sample
and quantify the sensitivity to two concrete, well-known
BSM scenarios (see Fig. 1).
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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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general test of NP and has the added value to be indepen-
dent of the EW fit results and the assumptions therein.

The qualitatively new aspect of �mW being a floated
parameter in Eq. (3) implies that with the same anal-
ysis we extract mW and test NP. The 2-dimensional fit
in the (�mW ,�NP) is reported in Fig. 4 for mZ0 = 10
GeV. By assuming 0.5% per-bin uncorrelated systematics
and including the e↵ect of pileup through Delphes, the
ATLAS measured uncertainty is roughly reproduced.6

Pileup has an impact on the mT distribution and on the
resulting mW sensitivity. The p`T distribution, on the
contrary, is largely insensitive to pileup, hence we use it
to draw more firm conclusions on features of our 2D-fit.

The systematics on the kinematic distributions shown
in [5] are below 0.5%. Therefore, we also consider per-bin
systematics of 0.1%. The expected sensitivity to mW (at
zero gZ0) is slightly stronger than the current ATLAS
7 TeV L = 4.6 fb�1 measurement [5]. This is mainly
because we are not including any source of correlated
systematics, and we are assuming much larger statistics
from a 13 TeV run with L = 300 fb�1.

The distortion of the p`T exclusion line (blue) at large
values of gZ0 implies a preference towards positive �mW .
This suggests that NP might in principle impact the
sensitivity to mW , possibly producing a shift in the ex-
tracted value and/or a↵ecting the estimate of the associ-
ated uncertainty on mW . Yet, the e↵ect shown in Fig. 4
is limited to only ⇠ 10 MeV. However, a quantitative as-
sessment of this e↵ect requires the inclusion of the proper
experimental setup and is beyond the scope of this letter.
The sensitivity to gZ0 at �mW = 0 is only marginally af-
fected by pileup, showing the robustness of the sensitivity
to NP.

For completeness, we report in Fig. 5a in the supple-
mental material an analogous study for CDF [1]. In this
case, the e↵ect of the NP in the mW determination is less
pronounced, due to a sharper Jacobian peak related to
the better control of the hadronic activity at CDF which
anchors the mW fit more robustly.

We now turn to the test of the NP hypothesis. Assum-
ing no prior knowledge on mW , the correct procedure to
put bounds on NP is to marginalize on �mW for each
value of the NP parameters. This is shown in Fig. 2a for
LHC (L = 300 fb�1) sensitivity projection. Prior knowl-
edge on mW (either from other measurements or from
theory predictions) might impact the sensitivity to NP,
as shown in Fig. 4.

For this analysis, positively and negatively charged-
muon events are added together, and �2 for p`T and mT

are combined without correlation. Here, the sensitivity
projections for CDF are also reported. The reach for
mZ0 ' 10 GeV is competitive with the best probe for
this model from a dedicated experiment (CCFR) [26, 43].
Yet, it is remarkable that for a 10 GeV Z 0-boson, the

6 The average number of pileup events per bunch crossing is hµi =
50.

Figure 4: 68% CL projected sensitivity to Lµ � L⌧ at
LHC (ATLAS) (mZ0 = 10GeV).

mW measurement has the power to probe couplings
⇠ few ⇥ 0.01, provided su�cient control of the sys-
tematics. Interestingly, less constrained models such as
the “neutrinophilic scalar” of [44] or the “Dirac neutrino
portal” [45] fall in category (A). For the neutrinophilic
scalar, we expect the mW measurement to be the best
probe [31].

IV. MSSM: SLEPTON-SNEUTRINO
PRODUCTION

We now turn to the minimal supersymmetric standard
model (MSSM) [46], which o↵ers a simple irreducible
“background” for the mW measurement: “left-handed”
SU(2)L doublet slepton-sneutrino production, with sub-
sequent decay into lepton plus only invisible particles (see
Fig. 1 right),

pp ! ˜̀(! ` �̃0
1) ⌫̃` . (4)

In this scenario, both the sneutrino and neutralino are
invisible, and either one could be the lightest stable par-
ticle (LSP).7 For simplicity, we assume that the other su-
perpartners, including SU(2)L singlet – or right-handed
sleptons – are heavy, thus having negligible cross-sections
at the LHC.
Sleptons lighter than 100 GeV are excluded by LEP

[47–51]. Sleptons heavier than the LEP bound have neg-
ligible cross-section at the Tevatron so we do not consider

7 When the lightest neutralino �̃0
1 is the LSP, ˜̀! ` �̃0

1, and ⌫̃ !
⌫ �̃0

1, as illustrated in Fig. 1, produces the ` + MET final state.
If the sneutrino is the LSP (not shown), then �̃0

1 ! ⌫̃ ⌫ also
maintains the `+MET final state.

}ATLAS δmW

}CDF δmW

2

(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].
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We show that the mW measurement is a direct probe of New Physics (NP) contributing to
`+MET, independently from indirect tests via the electroweak fit. Such NP modifies the kinematic
distributions used to extract mW , necessitating a simultaneous fit to mW and NP. This e↵ect can
in principle bias the mW measurement, but only to a limited extent for our considered models.
Given that, we demonstrate that the agreement at high-precision with SM-predicted shapes results
in bounds competitive to, if not exceeding, existing ones for two examples: anomalous W decay
involving a Lµ � L⌧ gauge boson and ⌫̃l l̃ production in the MSSM.

I. INTRODUCTION

The mass of the W boson plays a crucial role in
our understanding of nature. The discrepancy between
the recent and most precise measurement by CDF [1]
and the SM prediction might already be a hint of new
physics (NP) beyond the Standard Model (BSM). Theo-
retical explanations commonly invoke new contributions
to the electroweak (EW) fit [2] in order to shift the value
of the SM prediction (see for instance [3, 4]) and ex-
plain the anomaly. Yet, the more recent re-measurement
by ATLAS [5, 6] adds to the puzzle, confirming the
SM-predicted value and the previous measurements by
LHCb, D; and LEP [7–9]. Whether in the future the
CDF anomaly will be confirmed cannot be foreseen. The
only fact that we have today is the striking precision of
10�4 of these measurements and of the corresponding
theory SM predictions. This precision might even im-
prove in the near future due to an ongoing intense experi-
mental [5, 10] and theoretical e↵ort (see e.g. Refs. [11–17]
for recent works).

The mW experimental value is extracted from the si-
multaneous fit of di↵erent measured kinematic distribu-
tions (see below) in leptonic decays of singly-produced
W -bosons to the SM predictions. Both ATLAS and CDF
find perfect agreement with their best-fit SM distribu-
tions.

We show in this letter that the data used for the mW
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Figure 1: NP contributions to the W -boson mass sample
in the `+MET channel. Left: invisibly-decaying Lµ�L⌧

Z 0-boson. Right: slepton-sneutrino production in the
MSSM.

measurement can simultaneously be a powerful direct
probe for any NP that contributes to the same final state.
The key observation is that NP produces kinematic dis-
tributions that are su�ciently di↵erent with respect to
those in the SM. Hence, the same analysis can be used
for the extraction of both mW and NP parameters. The
correct procedure thus requires a global fit, which might
in principle shift the measurement of mW , with NP pro-
viding new nuisance parameters.

This paradigm is general, having already been at-
tempted in [18–24] for the top quark, in the context of
NP copiously produced via strong interactions. Fainter
signals of NP charged only under the electroweak inter-
action are more challenging. Yet we will show how the
extraordinary precision of the mW measurement can put
competitive bounds on motivated new physics scenarios,
and in some cases to exceed present bounds, e.g. those
for long-sought SUSY sleptons. This strategy is in ad-
dition to the classic test based on EW fit of the SM to
which we are accustomed since LEP [25]. In this letter,
we focus solely on the mW measurement. We classify the
possible NP that can contaminate the measured sample
and quantify the sensitivity to two concrete, well-known
BSM scenarios (see Fig. 1).
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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

https://indico.cern.ch/event/1253590/
https://arxiv.org/abs/2404.17574


https://indico.cern.ch/event/1253590/ - June 5th 2024 - Roberto Franceschini - LHCP 2024 Boston - Northeastern University

S&M
EARCH

EASURE
in ℓ + mET

2404.17574

mϕ = 10 GeV

4

general test of NP and has the added value to be indepen-
dent of the EW fit results and the assumptions therein.

The qualitatively new aspect of �mW being a floated
parameter in Eq. (3) implies that with the same anal-
ysis we extract mW and test NP. The 2-dimensional fit
in the (�mW ,�NP) is reported in Fig. 4 for mZ0 = 10
GeV. By assuming 0.5% per-bin uncorrelated systematics
and including the e↵ect of pileup through Delphes, the
ATLAS measured uncertainty is roughly reproduced.6

Pileup has an impact on the mT distribution and on the
resulting mW sensitivity. The p`T distribution, on the
contrary, is largely insensitive to pileup, hence we use it
to draw more firm conclusions on features of our 2D-fit.

The systematics on the kinematic distributions shown
in [5] are below 0.5%. Therefore, we also consider per-bin
systematics of 0.1%. The expected sensitivity to mW (at
zero gZ0) is slightly stronger than the current ATLAS
7 TeV L = 4.6 fb�1 measurement [5]. This is mainly
because we are not including any source of correlated
systematics, and we are assuming much larger statistics
from a 13 TeV run with L = 300 fb�1.

The distortion of the p`T exclusion line (blue) at large
values of gZ0 implies a preference towards positive �mW .
This suggests that NP might in principle impact the
sensitivity to mW , possibly producing a shift in the ex-
tracted value and/or a↵ecting the estimate of the associ-
ated uncertainty on mW . Yet, the e↵ect shown in Fig. 4
is limited to only ⇠ 10 MeV. However, a quantitative as-
sessment of this e↵ect requires the inclusion of the proper
experimental setup and is beyond the scope of this letter.
The sensitivity to gZ0 at �mW = 0 is only marginally af-
fected by pileup, showing the robustness of the sensitivity
to NP.

For completeness, we report in Fig. 5a in the supple-
mental material an analogous study for CDF [1]. In this
case, the e↵ect of the NP in the mW determination is less
pronounced, due to a sharper Jacobian peak related to
the better control of the hadronic activity at CDF which
anchors the mW fit more robustly.

We now turn to the test of the NP hypothesis. Assum-
ing no prior knowledge on mW , the correct procedure to
put bounds on NP is to marginalize on �mW for each
value of the NP parameters. This is shown in Fig. 2a for
LHC (L = 300 fb�1) sensitivity projection. Prior knowl-
edge on mW (either from other measurements or from
theory predictions) might impact the sensitivity to NP,
as shown in Fig. 4.

For this analysis, positively and negatively charged-
muon events are added together, and �2 for p`T and mT

are combined without correlation. Here, the sensitivity
projections for CDF are also reported. The reach for
mZ0 ' 10 GeV is competitive with the best probe for
this model from a dedicated experiment (CCFR) [26, 43].
Yet, it is remarkable that for a 10 GeV Z 0-boson, the

6 The average number of pileup events per bunch crossing is hµi =
50.

Figure 4: 68% CL projected sensitivity to Lµ � L⌧ at
LHC (ATLAS) (mZ0 = 10GeV).

mW measurement has the power to probe couplings
⇠ few ⇥ 0.01, provided su�cient control of the sys-
tematics. Interestingly, less constrained models such as
the “neutrinophilic scalar” of [44] or the “Dirac neutrino
portal” [45] fall in category (A). For the neutrinophilic
scalar, we expect the mW measurement to be the best
probe [31].

IV. MSSM: SLEPTON-SNEUTRINO
PRODUCTION

We now turn to the minimal supersymmetric standard
model (MSSM) [46], which o↵ers a simple irreducible
“background” for the mW measurement: “left-handed”
SU(2)L doublet slepton-sneutrino production, with sub-
sequent decay into lepton plus only invisible particles (see
Fig. 1 right),

pp ! ˜̀(! ` �̃0
1) ⌫̃` . (4)

In this scenario, both the sneutrino and neutralino are
invisible, and either one could be the lightest stable par-
ticle (LSP).7 For simplicity, we assume that the other su-
perpartners, including SU(2)L singlet – or right-handed
sleptons – are heavy, thus having negligible cross-sections
at the LHC.
Sleptons lighter than 100 GeV are excluded by LEP

[47–51]. Sleptons heavier than the LEP bound have neg-
ligible cross-section at the Tevatron so we do not consider

7 When the lightest neutralino �̃0
1 is the LSP, ˜̀! ` �̃0

1, and ⌫̃ !
⌫ �̃0

1, as illustrated in Fig. 1, produces the ` + MET final state.
If the sneutrino is the LSP (not shown), then �̃0

1 ! ⌫̃ ⌫ also
maintains the `+MET final state.

}ATLAS δmW

}CDF δmW

2

(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].
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We show that the mW measurement is a direct probe of New Physics (NP) contributing to
`+MET, independently from indirect tests via the electroweak fit. Such NP modifies the kinematic
distributions used to extract mW , necessitating a simultaneous fit to mW and NP. This e↵ect can
in principle bias the mW measurement, but only to a limited extent for our considered models.
Given that, we demonstrate that the agreement at high-precision with SM-predicted shapes results
in bounds competitive to, if not exceeding, existing ones for two examples: anomalous W decay
involving a Lµ � L⌧ gauge boson and ⌫̃l l̃ production in the MSSM.

I. INTRODUCTION

The mass of the W boson plays a crucial role in
our understanding of nature. The discrepancy between
the recent and most precise measurement by CDF [1]
and the SM prediction might already be a hint of new
physics (NP) beyond the Standard Model (BSM). Theo-
retical explanations commonly invoke new contributions
to the electroweak (EW) fit [2] in order to shift the value
of the SM prediction (see for instance [3, 4]) and ex-
plain the anomaly. Yet, the more recent re-measurement
by ATLAS [5, 6] adds to the puzzle, confirming the
SM-predicted value and the previous measurements by
LHCb, D; and LEP [7–9]. Whether in the future the
CDF anomaly will be confirmed cannot be foreseen. The
only fact that we have today is the striking precision of
10�4 of these measurements and of the corresponding
theory SM predictions. This precision might even im-
prove in the near future due to an ongoing intense experi-
mental [5, 10] and theoretical e↵ort (see e.g. Refs. [11–17]
for recent works).

The mW experimental value is extracted from the si-
multaneous fit of di↵erent measured kinematic distribu-
tions (see below) in leptonic decays of singly-produced
W -bosons to the SM predictions. Both ATLAS and CDF
find perfect agreement with their best-fit SM distribu-
tions.

We show in this letter that the data used for the mW
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Figure 1: NP contributions to the W -boson mass sample
in the `+MET channel. Left: invisibly-decaying Lµ�L⌧

Z 0-boson. Right: slepton-sneutrino production in the
MSSM.

measurement can simultaneously be a powerful direct
probe for any NP that contributes to the same final state.
The key observation is that NP produces kinematic dis-
tributions that are su�ciently di↵erent with respect to
those in the SM. Hence, the same analysis can be used
for the extraction of both mW and NP parameters. The
correct procedure thus requires a global fit, which might
in principle shift the measurement of mW , with NP pro-
viding new nuisance parameters.

This paradigm is general, having already been at-
tempted in [18–24] for the top quark, in the context of
NP copiously produced via strong interactions. Fainter
signals of NP charged only under the electroweak inter-
action are more challenging. Yet we will show how the
extraordinary precision of the mW measurement can put
competitive bounds on motivated new physics scenarios,
and in some cases to exceed present bounds, e.g. those
for long-sought SUSY sleptons. This strategy is in ad-
dition to the classic test based on EW fit of the SM to
which we are accustomed since LEP [25]. In this letter,
we focus solely on the mW measurement. We classify the
possible NP that can contaminate the measured sample
and quantify the sensitivity to two concrete, well-known
BSM scenarios (see Fig. 1).
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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

https://indico.cern.ch/event/1253590/
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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.

The primary discriminant in SRoffWZ is <min
✓✓

. This variable serves as a proxy for the mass splitting of the
targeted signals, and displays a characteristic kinematic edge at their mass-splitting value: <

min
✓✓

= �<,
as demonstrated in Figure 6. A shape fit over the <

min
✓✓

spectrum is performed in each SR category.
Seven <

min
✓✓

bins are defined with boundaries at 1, 12, 15, 20, 30, 40, 60 and 75 GeV, and labelled ‘a’ to
‘g’; the <

min
✓✓

bin labels are added to the region names as defined above. Signal regions ‘a’ are dropped
everywhere except in SRoffWZhigh/ET-nj, to avoid low-mass resonance backgrounds.

A second, similar kinematic edge is present in stransverse mass <T2 [174, 175], reflecting the kinematic
constraint originating from the ej±

1 ! ,
⇤ej0

1 decay chain. In this selection, <T2 is constructed by assigning
the dilepton system providing <

min
✓✓

(✓1✓2) to one visible particle leg, and the remaining lepton (✓3) to the
other leg:

<

<j

T2

⇣
p
✓1✓2
T , p

✓3
T , p

miss
T

⌘
= min

qT

⇣
max

h
<T

⇣
p
✓1✓2
T , qT,<j

⌘
,<T

⇣
p
✓3
T , p

miss
T � qT,<j

⌘i ⌘
,

where the transverse mass <T in this <T2 formula is defined by

<T

⇣
p
✓

T, qT,<j

⌘
=

s
<

2
✓
+ <

2
j
+ 2

✓q
(?✓T)2 + <

2
✓

q
@

2
T + <

2
j
� p

✓

T · qT

◆
.

23

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 -

15

dedicated analyses for compressed scenarios are 
included in the recast

analysis by analysis 
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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

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 …” 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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
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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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4

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 =
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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.
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of phase space identified by the following selection:

pT (`) � 25 GeV, |⌘(`)| < 2.5,
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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-
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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
recast of the present searches.
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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
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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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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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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the selection for ` = e and ` = µ that we do not pur-
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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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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
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maximal mb` value that can be obtained for a cascade
decay [44, 45], thus they depend on a di↵erent combi-
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This is apparent comparing the contours of r in Fig. 3 in
the Appendix and the contours of z in Fig. 2.
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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
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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
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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4

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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the presence of the BSM signal is in general limited to low , because 
of the massive invisible  (or other invisibile state)
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the analysis is not sensitive to the transition from on-shell to off-shel W
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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/1253590/
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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
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
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
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T2 135 60 2895.5 136.2 49.9 [4.1,7.9] [10.8,60.6] 0.8
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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
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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
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.

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.


