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Motivation - Leptons in Final State
Leptons provide a very clean signature → minimise detector resolution systematics 

 

Wide range of different event topologies can make use of lepton triggers and physics
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Motivation - Lepton Flavour Universality Violation (LFV)
Recent hints of multiple flavour anomalies 

LHCb LFV in  meson decays 
3.2σ deviation in RD/RD* [1] 
ΔC9, 3.4σ deviation [2] 

Muon anomalous magnetic moment  
(𝑔 − 2)𝜇 at Fermilab 

Provide answers to some of the open 
questions on lepton properties: 

Neutrino mass generation mechanism 
Flavour dependence of the Yukawa 
coupling strengths

B RD =
Br(B → Dτν̄τ)
Br(B → Dℓν̄ℓ)

(s̄γμPLb)(μγμμ)
Wilson coefficient on

[CERN Seminar]LHCb R(D)/R(D*)

Fermilab (𝑔 − 2)𝜇
[Phys. Rev. Lett. 131 (2023) 161802]

https://indico.cern.ch/event/1231797/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
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Motivation - Lepton Flavour Universality Violation

LFV

Leptoquarks 
vector/scalar

W’/Z’ 
Non-universal 

gauge interaction 
models (NUGEM) 

R-parity violating 
SUSY

Majorana neutrinos 
with different-flavour 

decay modes

Different-flavour 
Effective Field  
Theory (EFT) 

couplings

Less model-dependent
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Overview
New results in leptonic final states: 

Heavy Neutral Gauge bosons in 𝜏 + ETmiss 

Various interpretations of high-mass di-lepton final states (𝑒𝜇, 𝑒𝜏had, 𝜇𝜏had pairs) 

Heavy Majorana neutrinos in same-sign  decays 

All using full run-2 ATLAS data:  
                                 2015-2018, 13 TeV - 139 fb−1 with an uncertainty of 1.7% 

WW
[EXOT-2023-16]

[EXOT-2018-37]

[EXOT-2023-16]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-16/


Simon Koch, o.b.o. ATLAS 10/06/2024SUSY 2024

6

Heavy Neutral Gauge Bosons in 𝜏+MET 

No LFV

Sequential Standard Model (SSM) 
→ assumes couplings of W’, Z’ to fermions    
    are identical to W, Z in SM

Non-universal gauge interaction models 
(NUGIM) 

→ add non-universality via e.g.    
    spontaneous symmetry breaking to  
    2×SU(2) with non-universality angle 𝜃NU 

τ

ℓlight

cot θNU

tan θNU

LFV

[E
XO

T-
20

18
-3

7]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/
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Heavy Neutral Gauge Bosons in 𝜏+MET 

τ

ℓlight

Generally better sensitivity to universal couplings (SSM)  
lower backgrounds, better lepton reconstruction 

Previous ATLAS  limit: 6.0 TeV (95% CL) 
(139 fb−1 of the 2015-2018 13 TeV data sample) 

W′ → ℓν (ℓ = e, μ)

Light-lepton channel

Can be more sensitive for NUGIM (LFV) models 
Signatures in LHC detectors are high-momentum 𝜏had decay, 
plus large MET

𝜏 (heavy-lepton) channel

Previous ATLAS  limit: 3.7 TeV (95% CL) 
(36.1 fb−1 of the 2015-2016 13 TeV data sample) 

W′ → τν CMS  limit: 4.8 TeV (95% CL) 
(2015-2018 13 TeV data sample) 
W′ → τν

[Phys. Rev. Lett. 120 (2018) 161802] [JHEP 09 (2023) 051] 

[Phys. Rev. D 100 (2019) 052013] 

[E
XO

T-
20

18
-3

7]

https://doi.org/10.1103/PhysRevLett.120.161802
https://doi.org/10.1007/JHEP09(2023)051
https://doi.org/10.1103/PhysRevD.100.052013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/
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https://doi.org/10.1103/PhysRevLett.120.161802
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https://doi.org/10.1103/PhysRevD.100.052013
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/
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“loose” Recurrent NN ID

8

Heavy Neutral Gauge Bosons in 𝜏+MET 

𝜏had 
visible 𝑝T > 30GeV, |𝜂| < 2.4 
1/3-prongs within Δ𝑅 < 0.2

Use MET triggers with 70/90/110 GeV 
threshold, depending on data period

Emiss
T = − ∑

event

pT

Se
le

ct
io

n

Efficiency
Background 

rejection

1-prong 𝜏 85% 21

3-prong 𝜏 75% 90

Ef
fic

ie
nc

ie
s Trigger efficiency

overall 80%

ETmiss > 200 GeV >99%

Since   produced back-to-back  
in transverse frame: 

W′ → τν  < 2.4,   
0.7 <  < 1.3
Δϕτhad−vis, Emiss

T

pτhad−vis
T /Emiss

TKi
ne

m
at

ic
 

Se
le

ct
io

n

[E
XO

T-
20

18
-3

7]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/
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pτhad−vis
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T

Transfer factors from CRs 
CR1: fail loose 𝜏 ID,  
        satisfy very loose 𝜏 ID  
CR2: ETmiss < 100 GeV; loose 𝜏 ID 
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Heavy Neutral Gauge Bosons in 𝜏+MET 
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Figure 7: (a) Observed (black markers) and expected (black dashed line) 95% CL upper limits on the cross-section
times branching ratio (f ⇥ B) as a function of the , 0 mass in the SSM. The inner and outer bands show the ±1 and
±2 standard deviations, respectively, of the expected limit. The solid red line represents the theoretical cross-section
and the dashed red lines represent its theoretical uncertainty for the SSM signal. The blue hatched line indicates the
observed 95% CL upper limits on f ⇥ B of the previous ATLAS ga [10] search. (b) Observed 95% CL lower limit
on the ,

0 mass as a function of the parameter cot \NU describing the coupling to the third generation. The blue
shaded area represents the exclusion limits set by this analysis of the full Run 2 data sample of ATLAS. For the same
data sample, the exclusion limits set by the , 0 ! ✓a search [9] are also shown as blue forward hatched line. The
observed limits from the previous ATLAS ga [10] (purple diagonal crosses) and gg [71] (red backward hatched line)
searches with 36.1 fb�1 are overlaid for comparison. The , 0 and /

0 bosons are assumed to be degenerate in mass.
Indirect limits at 95% CL from fits to electroweak precision measurements (EWPT) [12], lepton flavor violation
(LFV) [13], CKM unitarity [14] and the /-pole data [2] are also overlaid.
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Figure 8: Model-independent 95% CL upper limits on the visible g+⇢miss
T cross-section as a function of the transverse

mass thresholds, <thresh
T . The blue hatched line shows the observed 95% CL upper limits on the visible g + ⇢

miss
T

cross-section of the previous ATLAS ga [10] search. The steps in the observed upper limit at <thresh
T of 1.6 and 2.85

TeV result of the discrete nature of the data and that the highest <T event in data appeared with <T = 2.83 TeV.
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Heavy Neutral Gauge Bosons in 𝜏+MET 
Model-independent 
upper limits on production 
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Figure 6: Distribution of the transverse mass, <T, in the signal region after the likelihood fit to data (post-fit)
under the background-only hypothesis. The uncertainty band (hatched) shows the total statistical and systematic
uncertainty. The <T distributions of a , 0 signal with mass of 4 TeV within the SSM (red solid line) and NUGIM
with cot \NU = 5.5 (dark green dotted line) are overlaid. The significance of the data given the SM expectation and
its uncertainty is given in the lower panel. It is determined independently per bin and is computed as described in
Ref. [86].

16

Excludes W’ 
masses up to 5.0 
TeV at 95% CL

Upper exclusion limits  
for 1 ≤ cotθNU ≤ 5.5 
→ W’ bosons in range    
     3.5-5 TeV excluded…improves on previous 

result by 1.3 TeV

[E
XO

T-
20

18
-3

7]

→backup

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/
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LFV in High-Mass Dilepton Final States
Search for new physics in final states with 𝑒𝜇, 𝑒𝜏had, or 𝜇𝜏had pairs  

Interpretations
Sequential Standard Model (SSM) 

W’ and Z’ heavy gauge bosons

R-parity violating SUSY 

   𝜏-sneutrino (    ) interpretation 

Quantum black holes in  
quantum-gravity theories with  

extra spatial dimensions Previous ATLAS 𝑍’ limit: 4.5, 3.7, and 3.5 TeV  

              
              

    for 𝑒𝜇,   𝑒𝜏,      
   𝜇𝜏 pairs,  

              
 (36.1 fb−1 of the 13 TeV data sample) 

Previous ATLAS       limit: 3.4, 2.6, and 2.3 TeV  

                                  for  𝑒𝜇,  𝑒𝜏,         𝜇𝜏 pairs,  

               (36.1 fb−1 of the 13 TeV data sample) 

ν̃τν̃τ

𝜆312 = 𝜆321 = 0.07 

               CMS       limit: 2.2 TeV 

ν̃τ

𝜆312 = 𝜆321 = 𝜆’311 = 0.01 

Assumption on 
Yukawa coupling 𝜆ijk

Previous ATLAS QBH mth limit: 5.5/3.4, 4.9/2.9, and 4.5/2.6 TeV  

           with ADD/RS model for   𝑒𝜇,         𝑒𝜏,               𝜇
𝜏 pairs,  

                 (36.1 fb−1 of the 13 TeV data sample) 

Arkani-Hamed–Dimopoulos–Dvali (ADD) model [3]  
Randall–Sundrum (RS) model [4]

[Phys. Rev. D 98 (2018) 092008] 

[Phys. Rev. D 98 (2018) 092008] 

[JHEP 05 (2022) 227] 

[Phys. Rev. D 98 (2018) 092008] 

[E
XO

T-
20

18
-3

7]
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LFV in High-Mass Dilepton Final States
Search for new physics in final states with 𝑒𝜇, 𝑒𝜏had, or 𝜇𝜏had pairs  

Interpretations
Sequential Standard Model (SSM) 

W’ and Z’ heavy gauge bosons

R-parity violating SUSY 

   𝜏-sneutrino (    ) interpretation 

Quantum black holes in  
quantum-gravity theories with  

extra spatial dimensions Previous ATLAS 𝑍’ limit: 4.5, 3.7, and 3.5 TeV  

              
              

    for 𝑒𝜇,   𝑒𝜏,      
   𝜇𝜏 pairs,  

              
 (36.1 fb−1 of the 13 TeV data sample) 

Previous ATLAS       limit: 3.4, 2.6, and 2.3 TeV  

                                  for  𝑒𝜇,  𝑒𝜏,         𝜇𝜏 pairs,  

               (36.1 fb−1 of the 13 TeV data sample) 

ν̃τν̃τ

𝜆312 = 𝜆321 = 0.07 

               CMS       limit: 2.2 TeV 

ν̃τ

𝜆312 = 𝜆321 = 𝜆’311 = 0.01 

Assumption on 
Yukawa coupling 𝜆ijk

Previous ATLAS QBH mth limit: 5.5/3.4, 4.9/2.9, and 4.5/2.6 TeV  

           with ADD/RS model for   𝑒𝜇,         𝑒𝜏,               𝜇
𝜏 pairs,  

                 (36.1 fb−1 of the 13 TeV data sample) 

Arkani-Hamed–Dimopoulos–Dvali (ADD) model [3]  
Randall–Sundrum (RS) model [4]
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Figure 2: The background-only post-fit invariant mass distribution of (a) 4g and (b) `g pairs for data and
the SM background predictions in the CC̄ CR. The error bars show the statistical uncertainty of
the observed yields, while the hashed band includes the post-fit total uncertainties taking into
account all the correlations. The ratio of data to the best-fit prediction is shown in the bottom
panels of the plots. The last bin contains the overflow events.
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LFV in High-Mass Dilepton Final States
Backgrounds: 

Irreducible:  and  are dominant 
→ MC simulation 

Reducible: +jets and multijet 
→ data-driven fakes estimate 
 

    𝑒𝜇: matrix method 
    𝑒𝜏had, 𝜇𝜏had: extrapolation from dedicated CRs to SR:

tt̄ WW

W

*largest systematic uncertainty contribution extrapolation
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CRs 
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SRs 
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> 2.7
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Figure 3: The background-only post-fit invariant mass distribution of (a) 4`, (b) 4g and (c) `g pairs for
data and the SM background predictions in the SR. The error bars show the statistical uncertainty
of the observed yields, while the hashed band includes the post-fit total uncertainties taking into
account all the correlations. The dashed line shows a typical pre-fit signal mass distribution
(RPV ãg at 3 TeV). The ratio of data to the best-fit prediction is shown in the bottom panels of
the plots. The arrow shows the difference between data and MC which exceed the ratio range.
The last bin contains the overflow events.
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Figure 3: The background-only post-fit invariant mass distribution of (a) 4`, (b) 4g and (c) `g pairs for
data and the SM background predictions in the SR. The error bars show the statistical uncertainty
of the observed yields, while the hashed band includes the post-fit total uncertainties taking into
account all the correlations. The dashed line shows a typical pre-fit signal mass distribution
(RPV ãg at 3 TeV). The ratio of data to the best-fit prediction is shown in the bottom panels of
the plots. The arrow shows the difference between data and MC which exceed the ratio range.
The last bin contains the overflow events.
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𝑒𝜏had
𝜇𝜏had 𝑒𝜏had 𝜇𝜏had

SRs 
no b-jets

 CR 
≥1 b-jets

tt̄
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Figure 4: The observed and expected 95% CL upper limits on the (a) Z0 boson, (b) RPV g-sneutrino (ãg)
and (c) QBH ADD and RS production cross-section times branching ratio for decays into an 4`

final state. The signal theoretical cross-section times branching ratio lines for the /
0 model, the

QBH ADD model assuming six extra dimensions, and the RS model with one extra dimension
are obtained from the simulation of each process, while the /

0 is corrected to NNLO and the
RPV ãg is corrected to NLO. The theoretical uncertainties are not considered in the mass limit
calculation. The acceptance times efficiency of the ADD and RS QBH models agree to within
1% and the same curve is used for limit extraction. The expected limits are shown with the ±1
and ±2 standard deviation uncertainty band.
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Figure 4: The observed and expected 95% CL upper limits on the (a) Z0 boson, (b) RPV g-sneutrino (ãg)
and (c) QBH ADD and RS production cross-section times branching ratio for decays into an 4`

final state. The signal theoretical cross-section times branching ratio lines for the /
0 model, the

QBH ADD model assuming six extra dimensions, and the RS model with one extra dimension
are obtained from the simulation of each process, while the /

0 is corrected to NNLO and the
RPV ãg is corrected to NLO. The theoretical uncertainties are not considered in the mass limit
calculation. The acceptance times efficiency of the ADD and RS QBH models agree to within
1% and the same curve is used for limit extraction. The expected limits are shown with the ±1
and ±2 standard deviation uncertainty band.
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LFV in High-Mass Dilepton Final States
Data consistent with SM  
In ℓ𝜏 channels, mild excess above 
background at 2.0-2.3 TeV  

Profile-likelihood fits on  set 95% CLs:mℓℓ

SSM Z’ RPV SUSY

QBH

RS
ADD

Limit 𝑒𝜇 𝑒𝜏 𝜇𝜏

Z’ mass 5.0 4.0 3.9

    mass 
in RPV SUSY

3.9 2.8 2.7

QBH mth (ADD) 5.9 5.2 5.1

QBH mth (RH) 3.8 3.0 3.0

ν̃τ
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18
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7]

4.5              3.7              3.5

3.4              2.6              2.3

5.5              4.9              4.5

3.4              2.9              2.6

Previous ATLAS limits 
(Run 2, 2015-2016)

𝑒𝜇 channel

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/


Simon Koch, o.b.o. ATLAS 10/06/2024SUSY 2024

14

Heavy Majorana Neutrinos in same-sign WW
Heavy Majorana neutrinos - couple to SM through mixing with SM neutrinos 

Type-1 Seesaw mechanism:  where  = 246 GeV (Higgs v.e.v.) 
Help explain leptonic mass hierarchy, or part of Grand Unified Theories

mν ≈ 𝒪(v2/mN) v

Same-sign leptons from WW 
Di-electron channel 𝑒𝑒 
LFV channel 𝑒𝜇 

EFT interpretation - replace by dim-5  
Weinberg operatorSi

gn
al

σ ∼ Cll′ 

5

2
/Λ2σ ∼ VℓNV*ℓ′ N

2

[E
XO

T-
20

23
-1

6]

u d

u
d

N u d

u
d
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Figure 4: (a) Observed and expected 95% CL upper limits on the heavy Majorana neutrino mixing element |+✓# |
2

as a function of <# and (b) two-dimensional observed and expected 95% CL intervals on |+4# |
2 and |+`# |

2 for
<# = 500 GeV and 10 TeV in the Phenomenological Type-I Seesaw model. The limits on the |+✓# |

2 are obtained
assuming |+`# |

2 = |+4# |
2. The observed limits on the |+✓# |

2 obtained separately in the 44, 4`, and `` [14] channels
are also shown for comparison. The one and two standard deviation bands of the expected limit are indicated in
green and yellow, respectively.

each channel in the simultaneous fit. The correlations between the systematic uncertainties across the
channels are taken into account. Figure 4(a) shows the observed and expected 95% CL upper limits on
the heavy Majorana neutrino mixing element |+✓# |

2 assuming |+`# |
2 = |+4# |

2 in the Phenomenological
Type-I Seesaw model. The observed limits on the |+✓# |

2 obtained separately in the 44, 4`, and `` channels
are also shown. The combined observed (expected) limit is about 27% (16%) more stringent compared
to the respective limits obtained in the `` [14] channel. The results are also interpreted by relaxing the
|+`# |

2 = |+4# |
2 assumption. The two-dimensional observed and expected 95% CL intervals on the |+4# |

2

and |+`# |
2 parameters are shown in Figure 4(b) for <# = 500 GeV and 10 TeV.

7 Conclusion

The first searches for heavy Majorana neutrinos in scattering of same-sign , boson pairs in the 44 and 4`

channels are reported. The dataset corresponds to proton–proton collisions at
p
B = 13 TeV at the LHC

with an integrated luminosity of 140 fb�1, collected with the ATLAS detector during 2015–2018. No
significant excess of events with respect to the SM background prediction is observed. The results are
interpreted in a benchmark scenario of the Phenomenological Type-I Seesaw model. Bounds are reported
on |+4# |

2 and |+4#+
⇤

`#
| in the heavy Majorana neutrino mass range between 50 GeV and 20 TeV, where

+✓# is the matrix element describing the mixing of the heavy Majorana neutrino mass eigenstate with
the Standard Model of flavour ✓, with ✓ = 4 or `. The first statistical combination of the 44, 4`, and ``

channels is performed. The combined observed (expected) limit on |+✓# |
2, assuming |+`# |

2 = |+4# |
2,

is about 27% (16%) more stringent compared to the respective limits obtained in the `` channel. The
sensitivity to the Weinberg operator is investigated and constraints on the effective 44 and 4` Majorana
neutrino masses are reported. The observed (expected) 95% CL upper limits on |<44 | and |<4` | obtained
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than 𝜇𝜇 alone
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(a) (b) (c)

(d) (e) (f)

Figure 2: Distributions of the ?
✓2
T in (a) the 44 SR, (b) the 4` SR, (c) the 44 same-sign ,, CR, (d) the 4` same-sign

,, CR, (e) the 44 ,/ CR, and (f) the 4` ,/ CR. The predicted yields are shown with their best fit normalization
and shape from the fit for the SM background-only fit hypothesis. The shaded area surrounding the background
expectation represents the total uncertainties in the predicted yields. The ratios of the observed yields to the total SM
predictions are shown by the points in the bottom panels. ‘Other’ includes contributions mainly from the ✓W 9 9 , //
and C/@ background processes. Benchmark signal predictions are shown as hatched lines. The last bin includes the
overflow.

muon reconstruction and energy calibration, jet energy calibration, 1-jet identification, rejection of pileup
jets, and missing transverse momentum reconstruction were considered as well.

The distributions of ?✓2
T in the SR, same-sign ,, CR, and ,/ CR in the 44 and 4` channels are shown in

Figure 2. The 44 channel background normalization factors for the same-sign ,, and ,/ background
processes are 1.13±0.30 and 0.82±0.21, respectively. The same-sign ,, and ,/ normalization factors
in the 4` channel are 1.26±0.14 and 0.70±0.12, respectively. The obtained normalization factors are
consistent with the values reported in Refs. [85, 86]. The post-fit SM background predictions under the
background-only hypothesis, together with the data yields in the SRs of the 44 and 4` channels are shown
in Table 2.

10

𝑒𝜇
𝑒𝑒Fits performed 

on pℓ2
T
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Summary and Outlook
Across multiple searches for new physics 
following LFV hints, no substantial deviations 
from SM found yet 
Run 3 is well underway, with almost 100 fb-1 
recorded so far and greater reach for searches: 

Higher centre-of-mass energy 
Improved hardware trigger 
Many lepton performance improvements 
(e.g. electron ID CNN [ATL-PHYS-PUB-2023-001], 
  new/improved software triggers for Run 3) 

Toward HL-LHC: large luminosity benefit for searches 
tracking improvements from new Inner Tracker (ITk)

[ATLAS Luminosity Public Results]

https://cds.cern.ch/record/2850666
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3
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Figure 7: (a) Observed (black markers) and expected (black dashed line) 95% CL upper limits on the cross-section
times branching ratio (f ⇥ B) as a function of the , 0 mass in the SSM. The inner and outer bands show the ±1 and
±2 standard deviations, respectively, of the expected limit. The solid red line represents the theoretical cross-section
and the dashed red lines represent its theoretical uncertainty for the SSM signal. The blue hatched line indicates the
observed 95% CL upper limits on f ⇥ B of the previous ATLAS ga [10] search. (b) Observed 95% CL lower limit
on the ,

0 mass as a function of the parameter cot \NU describing the coupling to the third generation. The blue
shaded area represents the exclusion limits set by this analysis of the full Run 2 data sample of ATLAS. For the same
data sample, the exclusion limits set by the , 0 ! ✓a search [9] are also shown as blue forward hatched line. The
observed limits from the previous ATLAS ga [10] (purple diagonal crosses) and gg [71] (red backward hatched line)
searches with 36.1 fb�1 are overlaid for comparison. The , 0 and /

0 bosons are assumed to be degenerate in mass.
Indirect limits at 95% CL from fits to electroweak precision measurements (EWPT) [12], lepton flavor violation
(LFV) [13], CKM unitarity [14] and the /-pole data [2] are also overlaid.
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Figure 3: The background-only post-fit invariant mass distribution of (a) 4`, (b) 4g and (c) `g pairs for
data and the SM background predictions in the SR. The error bars show the statistical uncertainty
of the observed yields, while the hashed band includes the post-fit total uncertainties taking into
account all the correlations. The dashed line shows a typical pre-fit signal mass distribution
(RPV ãg at 3 TeV). The ratio of data to the best-fit prediction is shown in the bottom panels of
the plots. The arrow shows the difference between data and MC which exceed the ratio range.
The last bin contains the overflow events.
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Figure 1: The background-only post-fit invariant mass distribution of (a) Low �q✓✓0 CC̄ CR, (b) CC̄ CR and
(c) ,, CR for data and the SM background predictions in the 4` channel. The error bars show
the statistical uncertainty of the observed yields, while the hashed band includes the post-fit total
uncertainties taking into account all the correlations. The ratio of data to the best-fit prediction is
shown in the bottom panels of the plots. The last bin contains the overflow events. The binning
of the control regions was limited by the background statistics.
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Figure 1: The background-only post-fit invariant mass distribution of (a) Low �q✓✓0 CC̄ CR, (b) CC̄ CR and
(c) ,, CR for data and the SM background predictions in the 4` channel. The error bars show
the statistical uncertainty of the observed yields, while the hashed band includes the post-fit total
uncertainties taking into account all the correlations. The ratio of data to the best-fit prediction is
shown in the bottom panels of the plots. The last bin contains the overflow events. The binning
of the control regions was limited by the background statistics.
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Figure 6: The observed and expected 95% CL upper limits on the (a) / 0 boson, (b) RPV g-sneutrino (ãg)
and (c) QBH ADD and RS production cross-section times branching ratio for decays into a `g

final state. The signal theoretical cross-section times branching ratio lines for the /
0 model, the

QBH ADD model assuming six extra dimensions, and the RS model with one extra dimension
are obtained from the simulation of each process, while the /

0 is corrected to NNLO and the
RPV ãg is corrected to NLO. The theoretical uncertainties are not considered in the mass limit
calculation. The acceptance times efficiency of the ADD and RS QBH models agree to within
1% and the same curve is used for limit extraction. The expected limits are shown with the ±1
and ±2 standard deviation uncertainty bands.
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Figure 6: The observed and expected 95% CL upper limits on the (a) / 0 boson, (b) RPV g-sneutrino (ãg)
and (c) QBH ADD and RS production cross-section times branching ratio for decays into a `g

final state. The signal theoretical cross-section times branching ratio lines for the /
0 model, the

QBH ADD model assuming six extra dimensions, and the RS model with one extra dimension
are obtained from the simulation of each process, while the /

0 is corrected to NNLO and the
RPV ãg is corrected to NLO. The theoretical uncertainties are not considered in the mass limit
calculation. The acceptance times efficiency of the ADD and RS QBH models agree to within
1% and the same curve is used for limit extraction. The expected limits are shown with the ±1
and ±2 standard deviation uncertainty bands.
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Figure 5: The observed and expected 95% CL upper limits on the (a) / 0 boson, (b) RPV g-sneutrino (ãg)
and (c) QBH ADD and RS production cross-section times branching ratio for decays into an 4g

final state. The signal theoretical cross-section times branching ratio lines for the /
0 model, the

QBH ADD model assuming six extra dimensions, and the RS model with one extra dimension
are obtained from the simulation of each process, while the /

0 is corrected to NNLO and the
RPV ãg is corrected to NLO. The theoretical uncertainties are not considered in the mass limit
calculation. The acceptance times efficiency of the ADD and RS QBH models agree to within
1% and the same curve is used for limit extraction. The expected limits are shown with the ±1
and ±2 standard deviation uncertainty bands.
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Figure 5: The observed and expected 95% CL upper limits on the (a) / 0 boson, (b) RPV g-sneutrino (ãg)
and (c) QBH ADD and RS production cross-section times branching ratio for decays into an 4g

final state. The signal theoretical cross-section times branching ratio lines for the /
0 model, the

QBH ADD model assuming six extra dimensions, and the RS model with one extra dimension
are obtained from the simulation of each process, while the /

0 is corrected to NNLO and the
RPV ãg is corrected to NLO. The theoretical uncertainties are not considered in the mass limit
calculation. The acceptance times efficiency of the ADD and RS QBH models agree to within
1% and the same curve is used for limit extraction. The expected limits are shown with the ±1
and ±2 standard deviation uncertainty bands.
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Table 1: Summary of the event selection requirements in the SR and CRs in the 44 and 4` channels. #✓ denotes the
number of selected leptons.

Channel Variable SR ,
±
,

± CR ,/ CR

44/4`

#✓ =2 =3
|�H 9 9 | > 2
< 9 9 > 500 GeV
<✓✓✓ – – > 106 GeV

44

|<✓✓ � </ | > 15 GeV –
|[✓ | <2
<✓✓ > 20 GeV
?
✓1
T – < 250 –

?
91
T > 30 GeV > 45 GeV > 30 GeV

?
92
T > 25 GeV > 30 GeV > 25 GeV
S < 4.5 > 4.5 –

4`

?
91
T > 30 GeV > 45 GeV > 45 GeV

?
92
T > 25 GeV > 30 GeV > 30 GeV

|�q4` | > 2.0 < 2.0 –

The same-sign ,, background normalization is estimated from a CR that has the same requirements as
the SR, except for S > 4.5 and |�q4` | < 2.0 in the 44 and 4` channels, respectively, to ensure no overlap
of events with the SR. Additional requirements are imposed to maximize the purity of this background in
the CR by increasing the minimum transverse momentum requirements on the leading (? 91

T ) and subleading
(? 92

T ) jets to 45 and 30 GeV, respectively. The leading electron transverse momentum (?✓1
T ) is required to

be less than 250 GeV in the 44 channel.

Processes in which,/ bosons are produced in association with jets are another large source of background
events. The ,/ CR is defined by selecting events with three leptons, two of which have opposite charge in
order to be compatible with a / boson decay. The third lepton is required to satisfy ?T > 15 GeV. Events
containing a fourth electron or muon are removed to reject events from the // background process. The
invariant mass of the three leptons, <✓✓✓ , is required to be greater than 106 GeV in order to reduce the
fraction of events with non-prompt leptons originating from the /+jets background. The event selection
requirements used to define the SR and the two CRs in the 44 and 4` channels are summarized in Table 1.

The remaining sources of background are estimated using data-driven methods or from MC simulation. The
non-prompt background contribution is evaluated using the so-called fake-factor method [83]. Fake factors
are measured as a function of electron or muon ?T and [ in a dedicated region enriched in non-prompt
leptons that selects collision-data events containing jets recoiling against the non-prompt lepton candidate.
The jet-lepton back-to-back topology is selected by requiring the difference in azimuthal angle between
the lepton and the jet, |�q✓ 9 |, to be larger than 2.8. In this region, the contribution of events containing
electrons or muons from , or / boson decays is reduced with requirements on kinematic variables as
described in Ref. [83]. The remaining events containing electrons or muons from , , / , or top-quark
decays, as well as from photon conversion in W+jet processes are subtracted from this region using MC
simulation. The fake factors for electrons (muons) are measured independently in the 44 and 4` channels
as the ratio between the number of signal electrons (muons) and background electrons (muons). Finally,
the non-prompt background contribution in the SR is estimated by re-scaling data from the same SR event
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