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LHC on Beyond the SM Physics
• 10+ years and counting, the LHC physics program is as active as ever. 

- SM works at the energy frontier, quite well 
- H(125) is here, and looking good


• But at some level, picture is not complete. 
- needs for BSM are also still here:


• Why BSM ? Motivations are varied 
         Needs - Elegance - Why not? 
            - Matter-antimatter asymmetry  
            - Dark matter 
            - neutrino masses, oscillations 
                         - Hierarchy problem (Plank vs Weak scale) 
                         - Higgs stability 
                         - Unification of forces 
                                         - Extended scalar sectors  
                                         - Hidden portals 
                                         - … 


• LHC experiments are uniquely positioned to address  
these competitively,  and from complementary angles.
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Playing the hand we are dealt
• LHC experiments provide a well calibrated environment, but we have a  to get past.  

 
A typical BSM search seeks: 
- More leptons (useful at a hadron collider) 
- More jets (or substructure, or flavor tagging, ..) 
- More long-lived

σ(SM)

detectable displacements between the production and decay points of an unstable particle for
cτ10 μm129.

The experimental signatures of LLPs at the Large Hadron Collider (LHC) are varied and,
by nature, are often very different from signals of SM processes. For example, LLP signatures
can include tracks with unusual ionization and propagation properties; small, localized
deposits of energy inside of the calorimeters without associated tracks; stopped particles (SPs)
that decay out of time with collisions; displaced vertices (DV) in the inner detector (ID) or
muon spectrometer (MS); and disappearing, appearing, and kinked tracks. A schematic of a
sampling of the variety of LLP signatures that are different from both SM signatures and the
majority of BSM searches at the LHC is shown in figure 2.

Because the LLPs of the SM have masses  5 GeV and have well-understood
experimental signatures, the unusual signatures of BSM LLPs offer excellent prospects
for the discovery of new physics at particle colliders. At the same time, standard
reconstruction algorithms may reject events or objects containing LLPs precisely because
of their unusual nature, and dedicated searches are needed to uncover LLP signals. These
atypical signatures can also resemble noise, pile-up (PU), or mis-reconstructed objects in
the detector; due to the rarity of such mis-reconstructions, Monte Carlo (MC) simulations
may not accurately model backgrounds for LLP searches, and dedicated methods are
needed to do so.

Although small compared to the large number of searches for prompt decays of new
particles, many searches for LLPs at the ATLAS, CMS, and LHCb experiments at the LHC
have already been performed; we refer the reader to chapter 3 for descriptions of and
references to these searches. Existing LLP searches have necessitated the development of
novel methods for identifying signals of LLPs, and measuring and suppressing the relevant
backgrounds. Indeed, in several scenarios searches for LLPs have sensitivities that greatly

Figure 1. Particle lifetime cτ, expressed in meters, as a function of particle mass,
expressed in GeV, for a variety of particles in the Standard Model [1].

129 Recently, a comprehensive collection of the vast array of theoretical frameworks within which LLPs naturally
arise has been assembled as part of the physics case document for the proposed MATHUSLA experiment [2].
Because the focus of the current document is on the experimental signatures of LLPs and explicitly not the theories
that predict them, the combination of the MATHUSLA physics case document (and the large number of references
therein) and the present document can be considered, together, a comprehensive view of the present status of
theoretical motivation and experimental possibilities for the potential discovery of LLPs produced at the interaction
points (IPs) of the LHC.
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Theory prediction
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CMS Preliminary 
May 2021

..and probes for: 
  - Resonant  
  - Semi-resonant / end-point 
  - Non-resonant (tail enhancement) 
 
 

≲ 𝒪(0.1) pb

↔

structures,  oftentimes with multivariate techniques
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Outline

Extended Gauge Sector / New bosons 
 
- Extra dimension models (VKK,  GKK, …)


- Grand unification theories (leptoquarks, …)  
 
- Technicolor, composite Higgs (W’, Z’,…)

Additional Scalar States 
 
-  A common feature in SUSY models


- Mixing with Higgs

• A limited survey of LHC searches for various extensions of the SM. 

New Heavy Fermions 
 
- Chiral structure important


- Mass independent of EWSB

Compositeness 
 
- New forces/particles integrate out at low energies (SM)

A bias towards very recent results from 
ATLAS, CMS, and LHCb

Please see dedicated sessions on: 
- Dark Matter, SUSY interpretations/searches 
- precision SM, Higgs measurements and reinterpretations
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• Rich parameter space, and a vast program at the LHC 
- Various final states: 
    
 

• With Run-2 dataset, multi-TeV masses 
probed for the benchmark models: 
 
- Classic resonant signatures 
    in leptonic/hadronic final states 
   
- On the other side of the spectrum are searches with 
   bosons / third generation /   signatures 
    — hadronic techniques 
    — taus, b-tagging, boson tagging 
 

V′￼→ ℓℓ, qq, ℓν, VV, VH, . . .

pmiss
T

jj

9.1 Search for resonant signals 19

The parameter of interest is chosen to be the ratio of the cross section for dilepton production
via a Z0 boson to the observed cross section for Z ! `` in the data control region of 60 < m`` <
120 GeV, Rs:

Rs =
s(pp ! Z0 + X ! `` + X)
s(pp ! Z + X ! `` + X)

. (12)

This variable has reduced dependence on the theoretical predictions for the Z0 cross section
and systematic uncertainties that are correlated between high and low m`` . To ease compari-
son with the predicted cross section for various signal models, the limits on Rs are presented
multiplied by the theoretical prediction for s(pp ! Z + X ! `` + X) of 1928 pb, calculated at
NNLO in QCD and NLO in EWK theory with the FEWZ 3.1 program [66].

The resulting limits for a narrow resonance with an intrinsic width of 0.6% are shown in Fig. 4.
The observed limits are consistent with the expectation from SM backgrounds. The expected
and observed mass limits in the Z0

SSM and Z0
y models are shown in Table 5. For the combina-

tion of the dielectron and dimuon channels, the observed limits are 5.15 TeV for the Z0
SSM and

4.56 TeV for the Z0
y, well above the highest mass event observed in the data. For these models,

the ATLAS Collaboration has recently set similar limits [25].
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Figure 4: The upper limits at 95% CL on the product of the production cross section and the
branching fraction for a spin-1 resonance with a width equal to 0.6% of the resonance mass,
relative to the product of the production cross section and the branching fraction of a Z boson,
multiplied by the theoretical value of s(pp ! Z + X ! ``+ X) of 1928 pb, for (top left) the di-
electron channel, (top right) the dimuon channel, and (bottom) their combination. The shaded
bands correspond to the 68 and 95% quantiles for the expected limits. Simulated predictions
for the spin-1 Z0

SSM and Z0
y resonances are shown for comparison.
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Figure 4: Observed 95% exclusion contours in the HVT parameter space (a) {gh, gf } with gf ⌘ g` = gq and (b)
{gq, g`} with gh set to zero, for resonance masses of 3, 4, and 5 TeV for the dilepton channel. The area outside the
curves is excluded.

relative natural width in the range of zero to 10%. These limits are shown to be applicable to spin-0, spin-1
and spin-2 signal hypotheses. Limits on the Heavy Vector Triplet model couplings and on the masses of
vector resonances are inferred. In particular, the results imply a lower limit of 4.5 (5.1)TeV on mZ0 for the
Z
0
 (Z

0
SSM) boson at 95% confidence level. These are the most stringent limits to date.
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Extended gauge sector

arXiv:2103.02708 
PLB 796 (2019) 68-87
JHEP 05 (2020) 033

JHEP 03 (2020) 145

PRD 100, 052013 (2019)
CMS EXO-19-017

Good to think in terms of signatures      Simplified models help us to keep track*


*Heavy Vector Triplet model (HVT): couplings to quarks, leptons, Higgs are free parameters 
- Model A [aka Sequential Standard Model (SSM)]:  BR( ) important 
- Model B : BR( ) dominant   - Model C : VBF production only,

↔

V′￼→ f f
V′￼→ VV/VH

https://arxiv.org/abs/2103.02708
https://arxiv.org/abs/1903.06248
https://arxiv.org/abs/2103.02708
https://arxiv.org/abs/1906.05609
https://arxiv.org/abs/1910.08447
https://cds.cern.ch/record/2758647
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ATLAS  CONF-2021-025

Heavy charged bosons:  W′￼ → ℓν
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Figure 6: (a) 95% C.L. upper limits on the expected (black dashed line) and observed (black markers) product of
cross section and branching ratio (� ⇥ B) as a function of the W

0 mass in the SSM. The solid red line represents the
theoretical cross section and the dashed red lines represent its theoretical uncertainty for the SSM signal. The green
and yellow bands show the ±1 and ±2 standard deviations, respectively, of the expected limit. The blue line shows
the observed 95% C.L. upper limits on the � ⇥ B of the previous ATLAS ⌧⌫ [10] search. (b) Observed 95% C.L.
exclusion limit on the W

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 dataset of ATLAS. The
previous results of the ATLAS ⌧⌫ [10] (purple line), ⌧⌧ [72] (red line), `` [78] (blue line) observed limits from direct
heavy gauge boson searches with 36.1 fb≠1 are overlaid for comparison. The W

0 and Z
0 are assumed to be degenerate

in mass. Indirect limits at 95% C.L. from fits to electroweak precision measurements (EWPT) [79], lepton flavor
violation (LFV) [80], CKM unitarity [81] and the original Z-pole data [2] are also overlaid.
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SSM
W′￼→ τν

• Sole handle is the lepton reconstruction and identification 
- Events are collected by single lepton or   triggers (  vs 


• Probe the  spectrum for a very wide kinematic endpoint 
- detector effects / calibration are particularly important


• New results from ATLAS ( ) and CMS ( ) 
- Most stringent limits on W’  (assuming dominant decay mode to fermions)   
- W’ decays into any lepton flavor are excluded for  
  Model independent limits   at  

pmiss
T e/μ τ)

mT(ℓ, pmiss
T )

τν eν, μν

m(W′￼SSM) ≤ 5 TeV
∼ 10−2 fb mT > 3 TeV
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Figure 5: Distribution of the transverse mass, mT, in the signal region after the background fit to data. The uncertainty
band (hatched) shows the total statistical and systematic uncertainty. The mT distributions of a 4 TeV W

0 signal
within the SSM (red line) and NUGIM with cot ✓NU = 5.5 (dark green line) are overlaid. The Poisson 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 in Ref. [77].

resulting in larger visible cross sections for ⌧ + E
miss
T production than the determined upper limits are354

excluded by this analysis.355
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W′￼→ τν

10

Figure 4: The MT distributions for the electron (left) and muon (right) channels after applying
complete selection criteria are shown for the full Run 2 data set of 137 fb�1. Two signal exam-
ples for SSM W0 boson masses of 3.8 and 5.6 TeV are shown. The lower panel shows the ratio
of data to SM prediction and the shaded band represents the systematic uncertainties.

The dominant uncertainties in the electron and muon channels are related to the description
of the SM background used to compare the data. On the experimental side, this corresponds
to the mismeasurement of lepton energy or momentum arising from both detector resolution
and scale calibration. From the theoretical side, the main uncertainties come from the choice of
the PDF set and the determination of k-factors covering higher order corrections for high-mass
off-shell W boson cross sections.

The theoretical uncertainties on the choice of the PDF set (NNPDF3.1) depend on the W bo-
son mass. It is obtained using the PDF4LHC [51] procedure accounting for the NNPDF3.1 set
of replicas. The MT distribution varies by 3–20% for the mass region in this analysis. The
uncertainties in the off-shell W boson cross section at high mass related to the higher order
corrections are taken to be 4–19%, depending on the W boson mass.

The global uncertainties on the integrated luminosity measurement are estimated with a preci-
sion of 2.3–2.5% for the full Run 2 data sets [52, 53]. The uncertainty related to pileup modeling
is evaluated by recalculating the corresponding weights for variations of 4.6% in the total in-
elastic pp cross section nominal value of 69.2 mb. The resulting shift in weights is propagated
through the analysis and the corresponding MT spectra is used as input in the statistical treat-
ment of the data. The variation of the yields induced by this procedure is less than 0.5%.

The uncertainties related to the lepton energy or momentum measurement and identification
efficiency for high-pT leptons in data and simulation are estimated from the dedicated mea-
surements performed with Z bosons with a large transverse boost. For the electron channel,
the uncertainty in the electron energy scale and resolution corrections is taken as 0.05–0.1%
(0.1–0.3%) in the ECAL barrel (endcap) [44]. For the muon channel, the uncertainty on the
muon pT scale and resolution is estimated by studying the curvature of the muon tracks in
different regions of h and f using energetic muons. These come from cosmic-ray data and
dimuon events from high-pT Z decays from the collision data, together with corresponding
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Figure 1: MT distribution for SSM W’model on generator level. For high mass samples, there is
a significant amount of offshell production visible, which will later have impact on the signal
efficiency.

Figure 2: Feynman diagram of a heavy charged vector boson decaying to a tau lepton and a
neutrino.
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Figure 5: The observed (solid line) and expected (dashed line) upper limits at 95% CL on sW0 ⇥

B(W0 ! `n) for an SSM W0 boson model as a function of W0 boson mass for the electron
(upper-left), muon (upper-right) channels, and the combination of both channels (bottom). The
shaded bands represent the one (green) and two (yellow) standard deviation uncertainty bands
for the expected limits. The theoretical prediction for SSM at NNLO-QCD level is shown with
a narrow gray band corresponding to the PDF and as uncertainties.
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SSM

Similarly for electron channel
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B(W0 ! `n) for an SSM W0 boson model as a function of W0 boson mass for the electron
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Tau channel constraints are a bit softer, 
but comparable

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-025/
https://cds.cern.ch/record/2758647
https://cds.cern.ch/record/2758647
https://arxiv.org/abs/1906.05609
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Heavy charged bosons: W′￼ → WH
ATLAS  CONF-2021-026• Diboson searches a wide, inclusive “heavy object” program  

- Simple recipe: bump hunt,  but … 
- collimated decay products, large-R jets  substructure 

• Most sensitive probes of  are in semileptonic decays 


• ATLAS: 
- Resolved dijets or merged large-R jet:  
- Higgs tagging (single/double subjets b tagged) 
- HVT Model B: most stringent limits at at lower masses 
                         (~5fb at 1 TeV) 

→

W′￼→ WH

mW′￼ = [0.4,5] TeV
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Figure 3: Comparison between the fit result and data distributions of mjet in the six muon-LDy
categories. The statistical uncertainties of the data are shown as vertical bars. The lower panels
show the ratio of the data to the fit result.
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Figure 4: Comparison between the fit result and data distributions of mWV in the six muon-LDy
categories. The statistical uncertainties of the data are shown as vertical bars. The lower panels
show the ratio of the data to the fit result.
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1 Introduction

The search for physics beyond the Standard Model (SM) is a major focus of the physics program at the
Large Hadron Collider (LHC). Since its discovery [1, 2], the Higgs boson has become a tool in this search.
In particular, one may expect new heavy resonances to couple to Higgs bosons and weak vector bosons
(+ = , or /). Such resonances are expected to occur in a number of theories beyond the Standard Model.
Theories that aim to solve the naturalness problem predict the existence of vector resonances as expected in
composite Higgs models [3, 4], Little Higgs models [5], or models with extra dimensions [6, 7]. Theories
with extended Higgs sectors predict scalar resonances as in two-Higgs-doublet models [8].

In this article, a search for,� and /� resonances produced in proton–proton (??) collisions at
p
B = 13 TeV

is reported with a sample corresponding to an integrated luminosity of 139 fb�1 collected with the ATLAS
detector during Run 2 of the LHC in 2015–2018. The search is designed for resonances with a mass of
at least 1.5 TeV and with both the + and � bosons decaying hadronically in the modes + ! @@̄

(0) and
� ! 11̄, as shown in Figure 1. In this regime, the + and � bosons are produced with high transverse
momentum (?T), resulting in each boson being reconstructed as a single large-radius hadronic jet, and the
invariant mass of this dÚet system provides the final discriminating variable. Jet substructure techniques
and 1-tagging are then used to discriminate those jets from background jets originating from multÚet,
++jets, and CC̄ events – with QCD multÚet events representing at least 85% of the total background. Due to
di�culties in modeling the background from simulation, all background estimates are derived from the
data.

Figure 1: Feynman diagram for the production of a + 0 resonance with decay into a +� pair.

The results of the search are interpreted in the context of the heavy vector triplet (HVT) model [9], which is
a simplified model providing a broad phenomenological framework for heavy resonances coupling to SM
fermions and bosons. In this model, , 0 and /

0 vector bosons interact with quarks and the Higgs field with
coupling strength of 6@ and 6� , respectively.1 Coupling to the Higgs field gives rise to interactions with
longitudinally polarized , and / bosons. Two scenarios are considered as benchmarks for interpretation
in this article. Model A corresponds to the choice 6@ = �0.55 and 6� = �0.56, which reproduces
the phenomenology of weakly coupled models based on an extended gauge symmetry [11]. Model B
corresponds to 6@ = 0.14 and 6� = �2.9, which implements a strongly coupled scenario as in composite
Higgs models.

1 Further details about the use of the HVT model in ATLAS analyses can be found in Ref. [10].

2

W′￼

W
ℓ

ν

H → bb (58%)

A thorough scan of HVT parameter space 
with Run-2 dataset is in the pipeline: 

 fb level constraints , for ≲ 1 m > 3 TeV

• CMS:  (VV/VH inclusive analysis) 
- merged large-R jet, mass decorrelated tagger  
- Higgs tagging (dedicated double-b tagger) 
- 2-dimensional fit in the  plane 
- Mass exclusion at 4 TeV

mW′￼
− mH

Similar bounds on 
,   W′￼→ WZ Z′￼→ WW

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-026/
https://cds.cern.ch/record/2759298
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-002/
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Figure 1. A sample of leading order Feynman diagrams for the scalar LQ pair production (top row) and
single scalar LQ plus lepton production (bottom row).

production [7, 12, 13] at the LHC. One of our aims is to fill in the missing pieces with respect to
the latter process, especially in the context of the sea quark initiated production. In fact, it is very
important to entertain a possibility of an LQ dominantly coupled to heavy fermions as motivated
by the pattern of fermion masses and mixing parameters, and as recently suggested by the hints
on lepton flavour universality violation in B-meson decays. (See, for example, ref. [14] for more
details.) With this possibility in mind we also address single production of vector LQs through the
bottom-gluon fusion processes.

Since the number of LQs is finite one can easily classify them [15]. We provide, as an integral
part of this analysis, ready-to-use universal FEYNRULES (UFO) [16] model files for all scalar
LQs as well as one vector LQ that are particularly suited for the flavour dependent studies of the
LQ signatures at colliders within the MADGRAPH5_AMC@NLO [17] framework. We validate
our numerical results with the existing NLO calculations for the pair production and present novel
results for the single production of scalar (vector) LQs at the NLO (LO) level. These results, in our
view, can be particularly useful for the current and future LHC data analyses and accurate search
recasts. The UFO model files are publicly available at http://lqnlo.hepforge.org.

The outline of the manuscript is as follows. We present the set-up for our LQ signature studies
in section 2. This is followed by section 3 on numerical analysis that is subdivided into the LQ
pair production subsection and the single LQ + lepton production subsection. The strategy for LQ
searches inferred from B-physics anomalies is described in section 4. We present our conclusions
in section 5. Most of our numerical results are summarised in appendix A.

– 2 –
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Figure 6: The observed and expected (solid and dashed lines) 95% CL LQ exclusion limits in
the plane of the LQ-lepton-quark coupling and the mass of the LQ for single (brown lines),
pair (blue lines) production, and considering their sum (black lines). Regions to the left of the
lines are excluded. The upper plot pertains to an LQS with equal couplings to tt, bn, while the
lower plots are for an LQV assuming k = 0 (left) and 1 (right) and equal couplings to tn, bt. For
LQV, the gray area shows the band preferred (95% CL) by the B physics anomalies: l = CmLQ,
where C =

p
0.7 ± 0.2 TeV�1 and mLQ is expressed in TeV [42].

9 Summary
A search for leptoquarks coupled to third-generation fermions, and produced in pairs and
singly in association with a lepton, has been presented. The leptoquark (LQ) may couple to a
top quark and a t lepton (tt) or a bottom quark and a neutrino (bn, scalar LQ) or else to tn and
bt (vector LQ), resulting in the ttnb and ttn signatures. The channel in which both the top
quark and the t lepton decay hadronically is investigated, including the case of a large LQ-t
mass splitting giving rise to a Lorentz-boosted top quark, whose decay daughters may not be
resolved as individual jets. Such a signature has not been previously examined in searches for
physics beyond the standard model. The data used corresponds to an integrated luminosity
of 137 fb�1 collected with the CMS detector at the CERN LHC in proton-proton collisions atp

s = 13 TeV. The observations are found to be in agreement with the standard model predic-
tions. Exclusion limits are given in the plane of the LQ-lepton-quark vertex coupling l and
the LQ mass for scalar and vector leptoquarks. The range of lower limits on the LQ mass, at
95% confidence level, is 0.98–1.73 TeV, depending on l and the leptoquark spin. These results
represent the most stringent limits to date on the existence of such leptoquarks for the case
of a decay branching fraction of 0.5 to each lepton-quark pair. They allow a relevant portion
of the parameter space preferred by the B-physics anomalies in several models [41, 42] to be
excluded.
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Figure 1: Diagrams illustrating the production and decay of particles considered in the simplified models for the
supersymmetric scenario (left) and the scenarios with scalar leptoquarks of charge 2

3 4 (middle) and � 1
3 4 (right).

Previous searches for this model have been conducted by the ATLAS collaboration using 20 fb≠1 ofp
B = 8 TeV data taken in Run 1 [50] and 36.1 fb≠1 of

p
B = 13 TeV data taken in Run 2 of the LHC [51].

No significant excess was observed in either of these searches, and thus limits were set on the masses of
the top squark and tau slepton. These limits exclude top-squark masses of up to 1.16 TeV and tau-slepton
masses of up to 1.0 TeV at the 95 % confidence level. The CMS collaboration has published a related
search in a simplified model where the LSP is the lightest neutralino j̃

0
1 instead of the gravitino [52]. This

search is based on an integrated luminosity of 77.2 fb�1 and sets exclusion limits at the 95 % confidence
level on the top-squark mass of up to 1.1 TeV for a nearly massless neutralino.

The previous ATLAS Run-2 search in Ref. [51] made use of two event categories: events where one of the
two tau leptons decays leptonically and the other hadronically were considered in addition to events where
both tau leptons decay hadronically. While the branching fraction is the same for both categories, the
leptonic decay of the tau lepton yields one neutrino more, which washes out the kinematic distributions and
on average leads to a lower energy fraction carried by the lepton compared to the visible decay products
from a hadronic tau-lepton decay. Both e�ects together significantly reduce the discriminative power of the
selection requirements. As the sensitivity of the search is thus dominated by the category where both tau
leptons decay hadronically, in this note only events with hadronically decaying tau leptons are considered.
These events are split in two event categories (channels): one category selects events with at least two
hadronically decaying tau leptons but no lighter leptons, at least one 1-jet and large missing transverse
momentum ⇢

miss
T (di-tau channel). The other category selects events with exactly one hadronically decaying

tau lepton, no electrons or muons, at least two 1-jets and large ⇢miss
T (single-tau channel). The latter channel

extends the sensitivity by covering the signal parameter space where the tau slepton is relatively light and
one of the soft tau leptons easily escapes detection. Importantly, it also provides good sensitivity to events
with pair-produced leptoquarks that decay into third-generation particles, which corresponds to the second
benchmark model.

The second benchmark model used for the interpretation of the search results considers pair production of
scalar leptoquarks. It assumes that these only couple to third-generation quark–lepton pairs, following the
minimal Buchmüller–Rückl–Wyler model [53]. In addition to the coupling to the third fermion generation
that is probed in this analysis, leptoquarks would need to have cross-generational couplings in order to
explain the anomalies observed in ⌫-meson decays. The couplings in the Yukawa-type interaction of the
leptoquarks with the quark–lepton pair are determined by two parameters: a common coupling strength _

and an additional parameter V, with the coupling to a quark and a charged lepton given by
p
V_, and the

coupling to a quark and a neutrino by
p

1 � V_. The search is carried out for both up-type leptoquarks
with fractional charge &(LQu

3) = +2/34 and decays LQu
3 ! Cag/1g, and down-type leptoquarks with

&(LQd
3) = �1/34 and decays LQd

3 ! 1ag/Cg. The production and decay of the leptoquarks are illustrated in

3

t̃

t̃

⌧̃

⌧̃

p

p

b ⌫

G̃

⌧

⌫b

G̃

⌧

LQu
3

LQu
3

p

p
⌫, ⌧

t, b

⌫, ⌧

t, b

LQd
3

LQd
3p

p
⌫, ⌧

b, t

⌫, ⌧

b, t

Figure 1: Diagrams illustrating the production and decay of particles considered in the simplified models for the
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Previous searches for this model have been conducted by the ATLAS collaboration using 20 fb≠1 ofp
B = 8 TeV data taken in Run 1 [50] and 36.1 fb≠1 of

p
B = 13 TeV data taken in Run 2 of the LHC [51].

No significant excess was observed in either of these searches, and thus limits were set on the masses of
the top squark and tau slepton. These limits exclude top-squark masses of up to 1.16 TeV and tau-slepton
masses of up to 1.0 TeV at the 95 % confidence level. The CMS collaboration has published a related
search in a simplified model where the LSP is the lightest neutralino j̃

0
1 instead of the gravitino [52]. This

search is based on an integrated luminosity of 77.2 fb�1 and sets exclusion limits at the 95 % confidence
level on the top-squark mass of up to 1.1 TeV for a nearly massless neutralino.

The previous ATLAS Run-2 search in Ref. [51] made use of two event categories: events where one of the
two tau leptons decays leptonically and the other hadronically were considered in addition to events where
both tau leptons decay hadronically. While the branching fraction is the same for both categories, the
leptonic decay of the tau lepton yields one neutrino more, which washes out the kinematic distributions and
on average leads to a lower energy fraction carried by the lepton compared to the visible decay products
from a hadronic tau-lepton decay. Both e�ects together significantly reduce the discriminative power of the
selection requirements. As the sensitivity of the search is thus dominated by the category where both tau
leptons decay hadronically, in this note only events with hadronically decaying tau leptons are considered.
These events are split in two event categories (channels): one category selects events with at least two
hadronically decaying tau leptons but no lighter leptons, at least one 1-jet and large missing transverse
momentum ⇢

miss
T (di-tau channel). The other category selects events with exactly one hadronically decaying

tau lepton, no electrons or muons, at least two 1-jets and large ⇢miss
T (single-tau channel). The latter channel

extends the sensitivity by covering the signal parameter space where the tau slepton is relatively light and
one of the soft tau leptons easily escapes detection. Importantly, it also provides good sensitivity to events
with pair-produced leptoquarks that decay into third-generation particles, which corresponds to the second
benchmark model.

The second benchmark model used for the interpretation of the search results considers pair production of
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•  LFU tensions observed by LHCb* could hint at BSM physics 
- possible explanations involve new bosons with preferential couplings  
  to third generation SM fermions 
* LHCb-PAPER-2021-004
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 CMS  EXO-19-015

The ‘flavor issue’ See talk on high mass 
mediators by Claudio 

Quaranta on Wednesday
ATLAS  CONF-2021-08

bbZ′￼→ bbbb

• Lepton Universality Violating Z’ 
- enhanced couplings to third generation 
   with non-negligible mixing between third and second gen. 
- b-quark associated production (proton PDF) 

- 4 jets, with at least 3 b-tags 
- First search probing up to 3.6 TeV    

ATLAS  CONF-2021-19

ATLAS CONF-2021-08 constraints on scalar LQ with similar decay modes

λ > 2.5 excluded by EWPM

• “Third generation” vector leptoquarks  
- pair + single production mode 
- LQs with couplings to all third generation fermions 
-  final state  (with resolved/merged top) 
- Most stringent limits for ,  ~1.7 TeV

tτν(b)
β = 0.5

 LQLQ → tbτν
 τLQ → tτν

https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/2012.04178
https://indico.cern.ch/event/905399/timetable/?view=standard#day-2021-06-09
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-019/
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Tri-body resonances: GKK → ggg

1

The presence of new physics beyond the Standard Model (SM) is highly motivated, most no-1

tably by attempts to address the problems of the large gap between the gravity and electroweak2

energy scales, and the experimental observations indicating the existence of dark matter in the3

Universe. Theories beyond the SM predict the existence of new particles which can be pro-4

duced at colliders at the TeV energy scale.5

Searches for hadronic resonances are particularly important at the Large Hadron Collider (LHC)6

as any hypothetical particle directly produced in proton-proton (pp) collisions must couple and7

decay to quark and gluons which hadronize to form jets. Direct searches at the LHC have so8

far found no compelling evidence of new physics beyond the SM. The main background, dom-9

inated by QCD multijet production, is typically very large compared to the rare new physics10

signals in these final states. If these new particles exist and are within the energy reach of the11

LHC, they still could have been missed by experimental searches because these resonances de-12

cay into non-standard final state configurations, which the current strategies are not optimized13

for. In this phase of the LHC experiments, it is therefore crucial to extend the searches for new14

physics to unexplored final states.15

The aforementioned existing searches assume single production of resonances decaying to a16

pair of jets (dijet) [1], or pair production of resonances resulting in final states with four [2] or17

more jets [3]. This search aims to extend the current dijet resonance search program at LHC and18

study a scenario where a new resonance (R1) decays into another new resonance (R2) and a SM19

particle (P). Such cascade resonance decays are foreseen by theoretical models beyond the SM20

that predict the existence of heavy partners of SM quarks [4] or the existence of extra spatial21

dimensions [5]. We consider the case where P is a parton (a quark, an antiquark or a gluon),22

and R2 decays to a pair of partons. This decay channel of R1 results in a three jet final state,23

also called a trijet resonance. This is one of the most probable decays in the aforementioned24

theoretical models.25

The physics process under study corresponds to pp ! R1 ! R2 + P3 ! (P1 + P2) + P3,26

as shown in Fig. 1. Here P1 and P2 are the decay products of R2 and the flavor of the three27

partons in the final state (Px with x = 1, 2, 3) depends on the aforementioned theory model.28

The experimental signature is defined by the mass ratio rm = MR2
/MR1

, where MR1
and MR2

are29

the masses of the two resonances. In the approximation of R1 produced at rest in the reference30

system of the laboratory and assuming massless partons Px, the minimum angle between P131

and P2 is amin = (4rm)/(1 + r2
m).32

Figure 1: Feynam diagram of the process pp ! R1 ! R2 + P3 ! (P1 + P2) + P3 involving
the cascade decays of two new massive resonances. The particles in the final state are partons
(quarks, antiquarks or gluons).

If MR2
is significantly lighter than MR1

(rm . 0.2), R2 is produced with large momentum, and its33

M(R1) ≳ 2 TeV, M(R2)/M(R1) ≲ 0.2

R2 jet
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Figure 3: Weighted sum of the number of events divided by bin width within each cat-
egory as a function of dijet mass (points) for the search for a trijet resonance with mass
MR1

= MGKK = 2.9 TeV decaying to a second resonance with mass MR2
= Mf = 0.4 TeV

(rm ⇠ 0.14) and a parton. The weights are the expected signal event fraction for each cate-
gory, assuming a signal cross section equal to the 95% CL upper limit. Also shown is the same
quantity from the background-only fits in each category (solid histogram), with statistical un-
certainty (hatched), and from the signal normalized to the upper limit (dashed histogram). The
lower panel shows the difference between the data and the background prediction divided by
the statistical uncertainty of the background (solid red), and the same quantity for the signal
(dashed).

of cross section assuming a benchmark KK gravity coupling ggrav = 6 and KK gluon coupling201

gGKK = 3, providing a wide exclusion in the model parameter space. The figure also shows the202

excluded region coming from a reinterpretation of the CMS dijet resonance search [1], which203

exploits the sensitivity of the latter analysis to the KK gluon decay to a pair of quarks.204

In summary, a novel search for new high mass hadronic resonances, that decay to a parton205

and a second resonance, that in turn decays into a pair of partons, has been presented. This206

is the first dedicated search for trijet resonances at the LHC in events with a boosted dijet.207

No statistically significant excesses above the background predictions are observed. Results208

are interpreted in a warped extra dimension model where the first resonance is a Kaluza-Klein209

gluon, the second one is a radion, and the final state partons are all gluons. By exploring a novel210

experimental signature, we extend significantly the experimental exclusion of this benchmark211

model of new physics at the LHC.212
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certainty (hatched), and from the signal normalized to the upper limit (dashed histogram). The
lower panel shows the difference between the data and the background prediction divided by
the statistical uncertainty of the background (solid red), and the same quantity for the signal
(dashed).
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In summary, a novel search for new high mass hadronic resonances, that decay to a parton205
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• First LHC search for a trijet resonance with a boosted dijet 
- KK gluon decays into 3 SM gluons via a radion (spin-0)


• Double resonance in the M(R1)-M(R2) plane                      
- Select on radion M(R2) mass, look for three-body resonance M(R1) 
- Empirical 3-parameter fit to data, in up to 22 regions


• Significant improvement (~500 GeV) on the bounds for the WED benchmark model 
-R2 jet substructure improves model sensitivity beyond the classic dijet searches

https://cds.cern.ch/record/2771810
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Tri-body resonances: WKK → WWW
 CMS  PAS-B2G-20-001

• First LHC search on a triboson resonance 
- KK excited massive W boson (bulk RS WED model): 


• Targets events triggered by a lepton, with additional “large-R jets”  (AK8) 
- 2 W-tagged jets 
- 1 “WW”-tagged jets   including merged hadronic+leptonic WW decays (lepton-in-jets)


• Event categorization based on jet masses and the NN tagger score (substructure) 
- need consistency with SM 


• A lepton+jets resonant peak is sought after.

WKK → RW → WWW

W → jj
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For ,  masses are  
excluded below 3.3 TeV 

mR = 1 TeV WKK
lepton-in-jets

See talk by Antonis Agapitos 
on Di/Tri boson resonances 

on Monday

https://cds.cern.ch/record/2759857
https://indico.cern.ch/event/905399/timetable/?view=standard#day-2021-06-09
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Higgs, as a gateway to BSM
• In a decade, the journey of the SM Higgs boson: 

- signal 
- background (e.g Rare SM measurements, eg. VVV) 
- discovery tool 

• H serves as a “standard candle” in BSM analyses 
- known mass, known decays 
  H-tagging  ( )     -Re: Diboson searches! 

• H has quantum numbers of the “vacuum” (no coupling is forbidden) 
- Particles in an extended scalar sector  
  (with hidden dynamics) would mix with the SM Higgs 
- portal to hidden sectors 
- Sufficient freedom for exotic couplings   
     BR(H Non-SM) could be up to  
 
 

H → bb

→ 𝒪(10) %
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Figure 3: 95% CL exclusion limits on the Higgs boson branching ratio to long-lived scalars
(B(H ! SS)). Limits are presented for scalar decays to d quarks (left) and b quarks (right) as
a function of the mean proper decay length of the scalar. Different scalar masses are shown in
different colors for each scalar decay mode.

d (b) quarks at the 3–4% (4–5%) level for masses of 40 GeV and 55 GeV and mean proper de-
cay lengths in the 10–100 mm range. The upper bound on the Higgs branching ratio to 15 GeV
long-lived scalars decaying to d quarks (b quarks) is about 14% (13%) in the 10–50 mm range
of proper decay lengths. These exclusions are among the most stringent constraints on Higgs
decaying to light (15 GeV or less) long-lived scalars which subsequently decay to a pair of b
quarks.

8 Summary
We have performed a search for long-lived particles that are produced via Higgs boson decays
to a pair of scalars in association with a Z boson, resulting in displaced jets. The Higgs boson
decay branching ratio is constrained to be below 5–10% for proper decays lengths of 10–100 mm
and masses between 40 and 55 GeV. This result yields stringent exclusion limits on exotic Higgs
decays to long-lived scalars. In particular, this analysis provides the most stringent CMS limits
for the branching fractions B(H ! SS) for low mass scalar particles of around 15 GeV with
mean proper decay lengths of 2–30 mm, where the scalars decay to a pair of b quarks.
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Similarly for 
S → dd̄

~10% at ~15 GeV
BR exclusion ~3% at ~55 GeV
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• Target Exotic H boson decays in associated production 
- S could be light, and/or with small couplings   long lived 


• Prompt dilepton + displaced jets final state  


• Displaced jet tagging (tracks’ IP, transverse angle, PV-association) 
- 2 displaced jets  (in tracker volume)


• Similar constraints from ATLAS and CMS on  
  for  = 1 mm - 1m 

→

≥

BR(H → SS → 4b) cτ

 CMS  PAS-EXO-20-003

1. Introduction 1

1 Introduction1

New long-lived particles (LLPs) with macroscopic decay lengths emerge from many extensions2

to the standard model (SM) of elementary particles. LLPs are found in a long list of models3

spanning supersymmetry [1–8], little Higgs [9], twin Higgs [10], hidden valleys [11, 12], and4

dark sectors [13–16]. LLPs may also play a role in explaining baryogenesis [17] or neutrino5

masses [18]. A general feature of these models is the production of LLPs in proton-proton (pp)6

collisions at the CERN Large Hadron Collider (LHC), which decay into SM particles far from7

the interaction point (IP).8

A particularly interesting class of models are those proposing a form of neutral naturalness [19],9

where the hierarchy problem is solved by the existence of a top quark partner that is not color-10

charged under the SM SU(3)c group but is instead charged under a mirror color group of a11

hidden sector, and thus evades the stringent experimental bounds on strongly produced par-12

ticles. The Higgs boson (H) may decay into long-lived bound states of the mirror color group,13

which subsequently decay back into SM particles through kinetic mixing with the Higgs boson.14

This results in the production of LLPs in Higgs boson events at the LHC. The branching ratios15

of such LLPs are those of the off-shell Higgs boson, and are dominated by decays to a pair of16

quarks. LLP decays will therefore manifest themselves as displaced jets.17

Existing LHC searches for displaced jets typically rely on a large jet transverse momentum18

in order to pass the trigger requirements, and thus have limited sensitivity for Higgs boson19

decays to displaced jets, where the resulting jets can have low transverse momentum (pT). This20

paper presents an alternative approach which exploits the unexplored associated production21

of the Higgs boson with a Z boson, where prompt leptons provide a performant trigger for22

events with low-pT jets. Figure 1 shows a simplified model where the Higgs boson is produced23

in association with a Z boson, and subsequentely decays to a pair of long-lived scalars (S). In24

order to tag a jet as displaced we rely on information from the CMS tracking system, which25

results in the greatest sensitivity for mean proper decay lengths of around 10 cm. Searches26

for LLPs produced via the Higgs boson have been performed by the CMS [20] and ATLAS27

Collaborations [21–23], where the searches have focused on gluon fusion production of the28

Higgs boson.29

Z
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Figure 1: A simplified model for the Higgs boson decaying to a pair of long-lived scalars (S).
The Higgs boson is produced in association with a Z boson, where the Z boson decays to pair
of leptons. The long-lived scalars decay to a pair of fermions (f).

This paper is organized as follows. A brief description of the CMS detector is given in Section 2.30

Section 3 describes the data and simulation samples used. Section 4 explains the displaced jet31

identification strategy and event selection. The background estimation technique is described32

in Section 5, and the treatment of systematic uncertainties is given in Section 6. Results for the33
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result in 1–2% uncertainties on both the signal and background yields. Lepton efficiency uncer-
tainties are extracted from a tag-and-probe analysis and are also 1–2%. The pileup uncertainty
is found to be negligible. Uncertainties in the jet energy scale affect the jet pT selection efficiency
at the level of 5–15%, and varying the shape of the displaced jet tagging variable distributions
in the simulation to cover possible mismodeling of the data results in an uncertainty of between
1 and 20%, depending on the multiplicity bin. The statistical uncertainty in the transfer factors
increases with the displaced jet multiplicity and reaches a maximum of 90% in the Nj

dis � 2
bin, thus representing the largest source of uncertainty in the search. The statistical uncertainty
contribution in the signal sample from the control samples is found to be 0.1–5%. The statistical
uncertainty on the backgrounds taken from the simulation is propagated and found to be neg-
ligible. The signal simulation statistical uncertainty is found to be 1–10% in the signal sample
depending on the signal model and the Nj

dis bin.

7 Results and summary
The result of the background estimation procedure is compared with the observed data in
Figure 2, where we show the content of the Nj

dis � 2 bin in each of the seven validation samples,
along with the content in the signal sample. No excess in the data with respect to the SM
background is observed. In the most sensitive bin in the signal sample, Nj

dis � 2, we observe 3
events with an expected background of 3.5 ± 1.8.
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Figure 2: The background estimate and the observed data in the Nj
dis � 2 bins, for each of

the seven validation samples along with the signal sample. Two signal model distributions
for scalar masses of 15 and 55 GeV are also shown, where the Higgs boson branching ratio to
long-lived scalars (B(H ! SS)) is set to 20%.

We set upper limits on the Higgs boson branching ratio to a pair of long-lived scalars for dif-
ferent masses and as a function of the mean proper decay length of the scalar. We follow the
LHC CLs criterion [55, 56] by using the profile likelihood ratio test statistic and the asymp-
totic formula [57] to evaluate the 95% confidence level (CL) observed and expected limits on
the Higgs boson branching ratio to a pair of long-lived scalars. Systematic uncertainties are
propagated by incorporating nuisance parameters that represent different sources of system-
atic uncertainty, which are profiled in the maximum likelihood fit [58]. Two scenarios are con-
sidered, S decays to either a pair of b quarks or d quarks. The 95% CL upper limits are shown
in Figure 3. We constrain the Higgs boson branching fraction to long-lived scalars decaying to

Exotic Higgs decays: ZH → ZSS → 2ℓ4b
ATLAS  CONF-2021-005

Most stringent 
constraints for 

 GeV 
w.r.t. inclusive 

searches at the 
LHC

mS ≲ 15

arXiv:2012.01581 
Eur. Phys. J. C 79 (2019) 481 
See talks by Carlos V. Sierra and


Rachel C. Rosten on LLPs on Monday

H → SS → bb̄bb̄

~5% at ~15 GeV
BR exclusion ~4% at ~55 GeV

https://cds.cern.ch/record/2767507
http://cdsweb.cern.ch/record/2759209
https://arxiv.org/abs/2012.01581
https://arxiv.org/abs/1902.03094
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Exotic Higgs decays: H → SS → 4j
• First CMS search for long-lived “hadronic showers” in the Cathode Strip Chambers of 

the endcap muon system 


• Magnetic flux-return yoke (steel) + CSC used as a sampling calorimeter (4 layers)


• Clusters are built in the CSCs with  ns cluster timing


• No excess over SM: expected  vs observed  events. 
 
*Similar ATLAS search with partial Run2 data:  PRD 99, 052005 (2019)  

[−5,12.5]

2 ± 1 3

3

To suppress noncollision backgrounds, we apply filters that remove events containing beam-
halo muons, or calorimeter or muon system noise [54]. To suppress background from cosmic-
muon showers, we reject any event in which more than a quarter of all muon system f-rings
contain 50 or more hits.

After the veto requirements are applied, the dominant background source arises from decays
of SM LLPs. The SM LLPs are predominantly produced by pileup interactions and are inde-
pendent of the primary interaction that produced the large p

miss
T . These pileup interactions can

occur concurrently with the primary interaction (in-time pileup) or in a different bunch cross-
ing (out-of-time or OOT pileup). Clusters produced by OOT pileup are rejected by requiring
the cluster time (tcluster), defined as the average time of the hits in the cluster, to be consistent
with an in-time interaction (�5 ns < tcluster < 12.5 ns). A larger time window is used at positive
values to capture signal clusters with longer delays from slower moving LLPs. The time win-
dow requirement suppresses the background by a factor of 5. Events containing clusters with
tcluster  �5 ns are referred to as the out-of-time validation region (VR), and used to validate
the background prediction method. To reject clusters composed of hits from multiple bunch
crossings, we require that the root mean square spread of hit times is less than 20 ns.

Background clusters predominantly occur at larger values of h, while signal clusters often oc-
cupy more than one CSC station and occur at stations further away from the primary interac-
tion point. A cluster identification algorithm which uses these features was devised, with 82%
efficiency for clusters originating from S decays while suppressing the background by a factor
of 3. The events that pass the cluster identification criteria are used to define the search region,
and those that fail are used as an additional in-time VR. The signal efficiency of the cluster re-
construction, veto, and identification selections is shown as a function of the simulated r and z

decay positions of the particle S in Fig. 1.
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Figure 1: The signal efficiency of the cluster reconstruction, veto, and identification selections
as a function of the simulated r and z decay positions of S decaying to bb, for a mass of 15 GeV
and a uniform mixture of ct between 1 and 10 m. The barrel and endcap muon stations are
drawn as black boxes and labeled by their station names. Regions occupied by steel shielding
are shaded in gray.

Finally, we use the number of hits in the cluster (Nhits) and Df(~pmiss
T , cluster) to extract the
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Figure 2: The signal (assuming B(h0 ! SS) = 1%, S ! dd, and ct = 1 m) and data distri-
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T , cluster) (right) in the search region. The Nhits plot includes
events in bins C and D, while the Df(~pmiss

T , cluster) includes events in bins A and D. The last
bin in the Nhits distributions include all events in the overflow. The bin width for the signal
Nhits distribution is twice the size of the bin width for the data distribution.
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Also sensitive 
to tau jets!

Efficiency ~ 80%
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Exotic Higgs decays:  complementarity 

ATLAS CONF-2021-005

VH prompt ZH displaced H displaced (muon system)

mS = 40 GeV

arXiv:2012.01581

H displaced (tracker)

http://cdsweb.cern.ch/record/2759209
http://arxiv.org/abs/arXiv:2012.01581
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•CMS scouting dataset with a dedicated dimuon trigger stream  
 - at a high rate, with low thresholds, reduced event/muon information 
 - nearly maximal acceptance to dimuon events in muon system 


•  dimuon pairs, with vertex (DV) trans. displacement 


• A “narrow signal” bump hunt in multi-dimensional space  
- Probed mass range: 0.3 - 50 GeV 


• Together with LHCb, the most sensitive probe of this phase space up to date


• Model specific limits for a light scalar singlet mixing with SM H

≥ 1 | lxy | < 11 cm

6. Parametrization of the invariant mass distribution 7

Figure 3: The dimuon invariant mass distribution is shown in bins of lxy as obtained from
selected dimuon events in data where both muons are isolated with p

µµ
T < 25 GeV: (upper left)

0.0 < lxy < 0.2 cm; (upper right) 0.2 < lxy < 1.0 cm; (middle left) 1.0 < lxy < 2.4 cm; (middle
right) 2.4 < lxy < 3.1 cm; (lower left) 3.1 < lxy < 7.0 cm; (lower right) 7.0 < lxy < 11.0 cm.
The distribution expected for representative signal models is overlaid. The vertical gray bands
indicate mass ranges containing known SM resonances, which are masked for the purpose of
this search.
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Figure 5: The dimuon invariant mass distribution is shown in a mass window around 5 GeV,
in one of the dimuon search bins (0.2 < lxy < 1.0 cm, p

µµ
T < 25 GeV, with two isolated muons).

The result of the background-only fit to data is also shown together with the dimuon invariant
mass distribution expected for a representative signal model (green), with mLLP = 5 GeV and
ctLLP

0 = 1 mm.

efficiency (see Section 5.1) on top of the trigger selections (Section 3). The resulting systematic
uncertainty in the signal yield is then between 25% and 45%, depending on the signal mass
and lifetime. The uncertainty in the trigger efficiency ranges betwee 3% and 30%, depending
on the pT and displacement of the muons. It is derived from studies of data collected with
different triggers and also accounts for differences between the measurement and the simu-
lation. Additionally, we assess a systematic uncertainty on the expected signal yields arising
from the uncertainty in the luminosity measurement of 2.3% for 2017 and 2.5% for 2018 data,
respectively [49, 50]. Finally, we account for the limited size of the simulated signal samples.
Uncertainties arising from the choice of the PDF and of the renormalization (µR) and factoriza-
tion (µF) scales used in the event generator are negligible compared to others. Uncertainties
in the trigger efficiency and luminosity are treated as correlated across search bins. Other un-
certainties are taken as uncorrelated. Since we find no significant difference between 2017 and
2018 data and simulations, all uncertainties are treated as correlated across data taking periods.

7.2 Constraints on models of BSM physics

We set upper limits at 95% CL on the branching fractions for the B ! fX and h ! ZDZD
signal models. For the B ! fX model, Fig. 6 shows the upper limits on the branching fraction
B(B ! fX)⇥ B(f ! µµ) as a function of the signal mass hypothesis, for a few representative
lifetime hypotheses. For the h ! ZDZD model, the upper limits on the branching fraction
B(h ! ZDZD)⇥ B(ZD ! µµ) as a function of the signal mass are shown in Fig. 7. Figure 8
shows the upper limits on the branching fraction B(h ! ZDZD), using values of B(ZD ! µµ)
from the model of Ref. [6]. The upper limits shown in Figs. 6 and 7 are obtained using the
combination of all dimuon event categories. For the limits shown in Fig. 8, the four-muon
event category is added to the combination.
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in one of the dimuon search bins (0.2 < lxy < 1.0 cm, p
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The result of the background-only fit to data is also shown together with the dimuon invariant
mass distribution expected for a representative signal model (green), with mLLP = 5 GeV and
ctLLP

0 = 1 mm.

efficiency (see Section 5.1) on top of the trigger selections (Section 3). The resulting systematic
uncertainty in the signal yield is then between 25% and 45%, depending on the signal mass
and lifetime. The uncertainty in the trigger efficiency ranges betwee 3% and 30%, depending
on the pT and displacement of the muons. It is derived from studies of data collected with
different triggers and also accounts for differences between the measurement and the simu-
lation. Additionally, we assess a systematic uncertainty on the expected signal yields arising
from the uncertainty in the luminosity measurement of 2.3% for 2017 and 2.5% for 2018 data,
respectively [49, 50]. Finally, we account for the limited size of the simulated signal samples.
Uncertainties arising from the choice of the PDF and of the renormalization (µR) and factoriza-
tion (µF) scales used in the event generator are negligible compared to others. Uncertainties
in the trigger efficiency and luminosity are treated as correlated across search bins. Other un-
certainties are taken as uncorrelated. Since we find no significant difference between 2017 and
2018 data and simulations, all uncertainties are treated as correlated across data taking periods.

7.2 Constraints on models of BSM physics

We set upper limits at 95% CL on the branching fractions for the B ! fX and h ! ZDZD
signal models. For the B ! fX model, Fig. 6 shows the upper limits on the branching fraction
B(B ! fX)⇥ B(f ! µµ) as a function of the signal mass hypothesis, for a few representative
lifetime hypotheses. For the h ! ZDZD model, the upper limits on the branching fraction
B(h ! ZDZD)⇥ B(ZD ! µµ) as a function of the signal mass are shown in Fig. 7. Figure 8
shows the upper limits on the branching fraction B(h ! ZDZD), using values of B(ZD ! µµ)
from the model of Ref. [6]. The upper limits shown in Figs. 6 and 7 are obtained using the
combination of all dimuon event categories. For the limits shown in Fig. 8, the four-muon
event category is added to the combination.
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Constraints for signals with mass above the B hadron mass are more stringent since the back-
ground from displaced muons from B decays is completely eliminated. The constraints also
tend to get weaker at longer lifetime because of the loss of acceptance due to decays beyond
the scouting trigger acceptance which is determined by the radial coverage of the pixel detec-
tor. Note that our limits on the model with a long-lived scalar emitted in B decays cannot be
directly compared to similar limits from the LHCb experiment [11–13], since our limits are on
the inclusive B ! fX branching ratio, while the LHCb limits are on the exlusive B0 ! fK⇤

and B+ ! fK+ branching ratios.
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Figure 6: Exclusion limits at 95% CL on the branching fraction B(B ! fX) ⇥ B(f ! µµ)

as a function of the signal mass (mf) hypothesis for (upper left) ct
f
0 = 1 mm, (upper right)

ct
f
0 = 10 mm and (lower) ct

f
0 = 100 mm, for the B ! fX signal model. The solid (dashed)

black line represents the observed (median expected) exclusion. The inner green (outer yellow)
band indicates the region containing 68 (95)% of the distribution of limits expected under the
background-only hypothesis. The vertical gray bands indicate mass ranges containing known
SM resonances, which are masked for the purpose of this search.

We set the most stringent constraints to date on the BSM signal models under study in a wide
range of signal mass and lifetime hypotheses.

8 Summary
We presented a search for displaced dimuon resonances using proton-proton collision at a
center-of-mass energy of 13 TeV, collected by the CMS experiment at the LHC in 2017�2018,
corresponding to an integrated luminosity of 101 fb�1. The data sets used in this search were
collected using a dedicated dimuon trigger stream with low transverse momentum thresholds,
recorded at high rate by retaining a reduced amount of trigger-level information, in order to
explore otherwise inaccessible phase space at low dimuon mass and non-zero displacement
from the interaction point. We found no significant excess, and used the data to set constraints
on a wide range of mass and lifetime hypotheses for models of physics beyond the standard
model where a Higgs boson decays to a pair of long-lived dark photons, or where a long-lived
scalar resonance arises from the decay of a B hadron.
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Figure 2: Diagram illustrating the production of a scalar resonance f via a B hadron decay.

because of the looser requirements with respect to those of the standard triggers. Note that data
colected in the 2016 Run-2 data period are not used, as the event content differs from that of the
2017 and 2018 periods. The selected data correspond to a total integrated luminosity of 101 fb�1

(41.5 fb�1 collected in 2017 and 59.7 fb�1 collected in 2018). Additional details on the data sets
and triggers in use are provided in Sections 2 and 3. The search targets narrow low-mass
long-lived resonances decaying into a pair of oppositely charged muons, where the lifetime of
the long-lived particle (LLP) is such that its decay vertex lies in a fiducial volume defined by a
transverse displacement from the interaction point of 0–11 cm. The signal is expected to appear
as a narrow peak on top of the dimuon mass continuum.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend
the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons are mea-
sured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.
A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [19]. The pixel tracker
consists of four concentric barrel layers at radii of 29, 68, 109, and 160 mm, and three disks on
each end at distances of 291, 396, and 516 mm from the center of the detector [20].

A two-level trigger system is used to select events of potential physics interest. The first level
of the CMS trigger system (L1T), composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select the most interesting events in a fixed time
interval of less than 4 µs. The high-level trigger (HLT) processor farm further decreases the
event rate from around 100 kHz to about 1 kHz, before data storage. A more detailed descrip-
tion of the CMS trigger system can be found in Ref. [21].

In addition to the standard HLT selection streams, a dedicated set of triggers exists that allows
to explore otherwise inaccessible phase space. This approach is referred to as data scouting [14,
22]. The scouting trigger algorithms used in this search are aimed at selecting events containing
dimuon pairs with a mass mµµ & 200 MeV, at a rate of about 3 kHz. In order to compensate
for the large rate, the event size is reduced by up to a factor of 1000 by only retaining limited
information, as reconstructed at HLT level.

Scalar singlet ϕ

mϕ < mB ∼ 5 GeV

See Deborah Pinna’s talk on DM interpretations, 
also talk by Federico Redi on Dark Photons today 

Similar LHCb search: PRL 115 (2015) 161802 
Comparable constraints, sensitivity.Semi-isolated signal

2mμ ≲ mμμ
ϕ ≲ m0

B

https://cds.cern.ch/record/2767659
https://cds.cern.ch/record/2045144
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The fermion sector

PRD 100 (2019) 5, 052003

VLQs

See talks by Matthias Kommon on HNLs on Monday,  
by Timothy R. Andeen on VLQs on Thursday

New heavy state
m± =

p
mM+4m2

D±mM

2 !
(
m+ ' mM

m� ' m2
D/mM

 N mix with neutrinos  ~naturally light mass states (the seesaw mechanism)
→

• Masses independent from the EWSB 
- Mixing with SM leptons, quarks, or neutrinos possible.


• Heavy SU(2) fermions 
- The SU(2) singlet :  
   (Heavy Neutral Leptons - HNL) 
 
- The SU(2) triplet :  

• Vectorlike fermions 
- Help to stabilize Higgs mass  (third generation favored) 
- Mix with SM fermions  could explain structure of fermion families 
- Present in various scenarios: extra dimensions, SUSY, Little Higgs,.. 
 
 
- Vectorlike top and bottom (T, B) searches are a major program at CMS and ATLAS 
 
 
- “Leptons are not forgotten”. 
   First search on vectorlike taus (doublet) with partial Run-2 dataset 

N

N0, L±

→

https://arxiv.org/abs/1905.10853
https://indico.cern.ch/event/905399/timetable/?view=standard#day-2021-06-07
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Figure 8: (a,c) Expected and (b,d) observed lower mass limits at 95% CL in the BR plane from the combination of the
two analysis channels for the production of (a,b)))̄ and (c,d) ⌫⌫̄, for all the configurations of BR under the assumption
that BR() ! /C) + BR() ! ,1) + BR() ! �C) = 1 or BR(⌫ ! /1) + BR(⌫ ! ,C) + BR(⌫ ! �1) = 1,
respectively. The white lines represent the contours of fixed <VLQ.
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Figure 4: Summaries of data and background yields in all analysis categories after the background-only fit. The
expected yields for singlet ))̄ signal with <) = 1.2 TeV are also shown for comparison. The shaded band includes
statistical and post-fit systematic uncertainties.

,1) + BR() ! �C) = 1 or BR(⌫ ! /1) + BR(⌫ ! ,C) + BR(⌫ ! �1) = 1. The reweighting339

procedure allows upper limits at 95% CL to be set on the production cross-section on the BR plane for340

each considered VLQ mass. By comparing with the theoretical prediction, lower mass limits as a function341

of the BR composition can be obtained, as shown in Figure 8. As can be seen, the analysis is sensitive to342

a large subset of the possible BR compositions but the limits are more stringent closer to the lower-left343

corner of the BR plane denoting high BR of VLQ decays to / .344
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Figure 1: Diagrams showing the pair production of ) or ⌫ quarks in which at least one of the VLQs decays to a
/ boson in association with a SM C or 1 quark, respectively. At least one 1-tagged jet will be present in the pair
production of either type of VLQ. The diagrams also show the targeted topology and the event selection applied to
search for events with exactly two leptons from (a) the decay of a / boson and (b) events with at least three leptons.

masses [11]. A singlet ) is excluded for masses below 1310 GeV and a singlet ⌫ is excluded for masses60

below 1220 GeV, while in the () , ⌫) doublet case, ) and ⌫ masses below 1370 GeV are excluded [12].61

Single VLQ production is also actively searched for [13, 15, 25–29]. However, the interpretation [30] of62

the search results depends on an additional coupling constant to the electroweak bosons.63

This Letter presents a search for pair-production of ) and ⌫ in events with at least two electrons or muons64

where at least two same-flavor leptons with opposite-sign charges are originating from the decay of a65

/ boson. Two diagrams illustrating the targeted event topologies are shown in Figure 1. The search is66

performed across several di�erent event categories participating in a maximum-likelihood fit and makes67

use of the full Run 2 ATLAS dataset of 139 fb�1of ?? collisions at
p
B = 13 TeV collected in 2015–2018,68

improving an ATLAS search [13] in the same final state performed with an early subset of the dataset. In69

addition to benefiting from the larger dataset, the search is further improved by the use of a deep neural70

network (DNN) to classify the jets in each event as originating from either a / or , boson, � boson, or71

top quark.72

2 ATLAS detector73

The ATLAS experiment [31] at the LHC is a multi-purpose particle detector with a forward-backward74

symmetric cylindrical geometry and a near 4c coverage in solid angle.1 It consists of an inner tracking75

detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,76

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.

May 17, 2021 – 23:20 3
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• Strong BB/TT production independent of mixing with SM fermions


• Final state with one boosted leptonic Z candidate: 
- 2L or 3L, with additional b-jets and large-R jets 
- Events are classified in “boosted jet tag” type and multiplicity (0,1,2+) 
   Boosted jet tagger (V/H/t):  NN multi-classifier, large-R (1.0) jets


• Among the best constraints on Singlet/Doublet BB, TT: 1.2-1.4 TeV  
- Upper limits on mass in the BR plane for  
   model independent interpretations 

ATLAS  CONF-2021-024

pp → TT/BB

T → Wb/Zt/Ht
B → Wt/Zb/Hb

VLB VLT

 Vectorlike Quarks: pair production

Many SR: categories 
Kinematic discriminants: m(Zb), HT+LT
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Figure 8: (a,c) Expected and (b,d) observed lower mass limits at 95% CL in the BR plane from the combination of the
two analysis channels for the production of (a,b)))̄ and (c,d) ⌫⌫̄, for all the configurations of BR under the assumption
that BR() ! /C) + BR() ! ,1) + BR() ! �C) = 1 or BR(⌫ ! /1) + BR(⌫ ! ,C) + BR(⌫ ! �1) = 1,
respectively. The white lines represent the contours of fixed <VLQ.
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Most stringent constraints on 
VLT doublet (1.4TeV) improved 
by ~100 GeV*

*ATLAS combination: PRL 121, 211801 (2018),   
*CMS all hadronic: PRD 100, 072001 (2019)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-024
https://arxiv.org/abs/1808.02343
https://arxiv.org/abs/1906.11903
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 ATLAS  CONF-2021-018

 Vectorlike Quarks: single production
• Production via mixing with SM quarks  

- Single > pair production for masses above ~TeV, depending on mixing strength


• Hadronic signatures with forward jet(s), and b-tagged jets 

    ATLAS: VLB   tri-b-jet resonance ‘ ’  
     - A large-R jet with double b-tagged subjets consistent with Higgs mass  

    CMS:  VLT  top-Z kinematic endpoint in  
     - Resolved/partially boosted/boosted “top tagging”

• Best constraints on single production: ~1-2 TeV for a given width (5-30%) 

- single production constraints could be comparable (or better)  
   with respect to the  pair production.

→ mB

→ mT(t, Z → νν)

CMS  PAS-B2G-19-004pp → Bq(b̄)

Dominant single production mode if BR(B → Wt) ∼ 0

B → Zb/Hb

(a)

Figure 8: Mass-dependent expected and observed 95% CL exclusion limits on the 2/ phenomenological coupling in
the (⌫,. ) doublet scenarios. The range of excluded values of the 2/ coupling can be inferred as the area above
the observed exclusion limit line. The gray dashed lines represent the loci of (<⌫, ^) configurations resulting in
constant values of the relative resonance width �⌫/<⌫.

20

B (Doublet)
Γ/m ≳ 5 % : ∼ 1.8 TeV

Figure 6: Comparison between data (points) and SM data-derived background model (solid white) after a binned
maximum-likelihood background-only fit in the signal region. The shaded area represent the total systematic
uncertainty on the background model. The expected contributions of a VLB signal of mass equal to 1.2 TeV and 2.0
TeV, occurring as part of a (⌫, . ) doublet with ^ = 0.3, are overlaid to the data distribution as the red and violet
dashed lines respectively. The lower panel shows the ratio between the bin-wise data and background yields. The last
bin of both distributions incorporeate the overflow.

The cross-section limits presented above are then interpreted in the form of mass-dependent 95% exclusion
limits on the value of the phenomenological Lagrangian parameter 2/ , representing the coupling constant
between the VLB and the SM / boson. As the (⌫, . ) doublet state implies b, = 0 and b/ = b� = 0.5, it
follows from Eq. 1 that in such scenario 2, = 0 and the values of 2/ and 2� scale with each other, justifying
the choice to intepret the search results in terms of limits on the value of a single phenomenological
parameter.

Figure 8 displays the expected and observed mass-dependent limits on the value of 2/ for a VLB quark
occurring as part of (⌫,. ) doublet. Such limits are computed by examining the excluded production cross
section observed for each available signal benchmark, as arranged on a (<⌫, ^) grid. For each available
resonance mass, the lowest value of ^ for which the signal is excluded is converted into a value of 2/
through the 2/ = <//<, ⇥ ^ identity for a (⌫, . ) doublet. The dashed gray lines overlaid to Figure 8
o�er a visual connection between the values of the phenomenological coupling 2/ and the relative width
of the VLB resonance, from which it can be inferred that the search is able to exclude a VLB doublet
resonance with relative width larger than 5% in the 1.0 TeV < <⌫ < 1.75 TeV mass range.
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Figure 7: Observed and expected 95% CL upper limits on the product of the single T quark
production cross section and the T ! tZ branching fraction as a function of the T mass for
a narrow width resonance (upper left), and a width of 10% (upper right), 20% (lower left),
and 30% (lower right) of the T mass. A singlet T quark is assumed, which is produced in
association with a bottom quark. The inner (green) band and the outer (yellow) band indicate
the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. The continuous curves show the theoretical expectation at NLO.
In the case of a narrow width resonance, width of 1% (5%) of the resonance mass is reported
with a red (blue) curve.
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Figure 8: Observed 95% CL upper limit on the product of the single T quark production cross
section and the T ! tZ branching fraction as a function of the T mass for widths of 10%, 20%,
and 30% of the T mass. A singlet T quark is assumed, which is produced in association with a
bottom quark. The solid red line indicates the boundary of the excluded region (on the hatched
side) of theoretical cross sections as reported in Table 2.
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Figure 4: Distributions of the transverse mass MT of the reconstructed top quark and ~pmiss
T sys-

tem for the selected events in the merged categories, for events with no forward jet (upper) and
at least one forward jet (lower), for 2016 (left), 2017 (center), and 2018 (right). The distributions
for the main background components have been determined in simulation with scale factors
extracted from control regions. All background processes and the respective uncertainties are
derived from the fit to data, while the distributions of signal processes are represented accord-
ing to the expectation before the fit. Signal yields are multiplied by a factor 100 to improve their
visibility.

mass, masses below 0.98 TeV are excluded at 95% CL. For a resonance of fractional width in the
range 10% to 30%, the interval of excluded masses is extended up to 1.4 TeV.

7 Summary

A search for the single production of a vector-like quark T with electric charge +2/3 decaying
to a top and a Z boson has been presented with LHC proton-proton collision data collected by
the CMS experiment and corresponding to an integrated luminosity of 136 fb�1. Upper limits
at the 95% confidence level were set on the product of the production cross section and the
T ! tZ channel branching fraction. Values greater than 602–15 fb for masses in the range 0.6–
1.8 TeV were excluded at the 95% confidence level for a T quark of negligible resonance width
produced in association with a bottom quark. Values greater than 836–16 fb for masses in the
range 0.6–1.8 TeV were excluded at the 95% confidence level for a T quark of resonance width
from 10% to 30% of its mass. Interpretation of these results using a theoretical framework in
which the T quark is a singlet, and assuming a 5% fractional width of the resonance, led to the

T → Wb/Zt/Ht

1. Introduction 1

1 Introduction

New heavy quarks with nonchiral couplings, referred to as vector-like quarks (VLQs), are pre-
dicted in many extensions of the Standard Model (SM) [1–6] in order to resolve theoretical is-
sues such as the hierarchy problem. While the masses of the chiral quarks of the SM arise from
Yukawa couplings to the Higgs field, for VLQs non-Yukawa coupling terms in the Lagrangian
are allowed. The existence of VLQs is not yet excluded by precision SM measurements, un-
like the case of chiral quarks from a fourth generation [7] beyond the three generations of the
SM. Searches for VLQs at the CERN LHC, produced either in pairs or singly and decaying in a
variety of final states, have been reported by both the ATLAS [8–19] and CMS [20–32] Collabo-
rations.

This paper presents a search for the production of a vector-like quark T with electric charge
+2/3 and decaying to a top quark (t) and a Z boson (T ! tZ), performed in proton-proton
(pp) collision data at

p
s = 13 TeV collected with the CMS detector in 2016-2018. An example

of leading-order (LO) Feynman diagram for the single T quark production and decay is shown
in Fig. 1.

A T quark can decay to a bottom quark (b) and a W boson, a top quark and a Z boson, or a top
quark and a Higgs boson (H), which will be denoted as bW, tZ, and tH decay channels respec-
tively, with branching fractions which depend on the specific model. Concerning the multiplet
configurations of VLQs [3], for a singlet T quark the branching fractions are approximately 0.5,
0.25, 0.25 for the bW, tZ, and tH channels, respectively. If the T quark belongs to a doublet,
equal values of the order of 0.5 are predicted for the tZ and tH channels.

This analysis considers final states where the top quark decays hadronically via t ! Wb !
q0qb and the Z boson decays to neutrinos. The branching fraction of the Z ! nn is about two
times larger than the Z ! `+`�, where ` can be either a muon, an electron or a tau. Neutrinos
are on the other hand not detected in the experimental apparatus, therefore a full reconstruction
of the T quark four momentum cannot be performed, and signal events are characterized by a
large transverse momentum imbalance.

T

g

Z

t

b(t)

q

W(Z)

b̄(t̄)

q’

Figure 1: Representative leading-order Feynman diagram for the production of single vector-
like quark T decaying a Z boson and a top quark.

pp → Tq(b̄)

pair − production upper limit

http://cdsweb.cern.ch/record/2760012
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-004/index.html
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•  Search for LFV in    decays    
  Lepton flavor is not a protected symmetry in the SM 
  Jets aside, LHC is also Z producer!  (more than 8B Zs in Run2)


• All mixed flavor final states are considered:   


• MVA methods needed to sift out the signal  from SM 


• Best bounds on LFV decays of Z with taus, surpassing LEP:   
 

 

Z → eτ Z → μτ

eτh, μτh, eμ

Z → ττ

BR ≲ 5 × 10−6

μτeμτe

ATLAS  EXOT-2020-28
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Figure 2: Observed and best-fit predicted distributions of the collinear mass in the high-?T SRs. Plots (a) and (b)
show the distributions for the 4g` and `g4 channels, respectively. The expected signal, normalized to an arbitrary
B(/ ! ✓g) = 3⇥10�4 for visualization purposes, is shown as a dashed histogram in each plot. In the panel below
each plot, the ratios of the observed yield (dots) and the best-fit background-plus-signal yield (solid line) to the best-fit
background yield are shown. The hatched error bands represent one standard deviation of the combined statistical
and systematic uncertainties. The first and last bins in each plot include underflow and overflow events, respectively.

Table 3: Observed and expected (median) upper limits on the signal branching fraction at 95% CL, in di�erent
g-polarization scenarios.

Observed (expected) upper limit on B(` ! ◆3) [⇥10
�6

]

Final state, polarization assumption e3 -3

✓ghad Run 1 + Run 2, unpolarized g [9] 8.1 (8.1) 9.5 (6.1)
✓ghad Run 2, left-handed g [9] 8.2 (8.6) 9.5 (6.7)
✓ghad Run 2, right-handed g [9] 7.8 (7.6) 10 (5.8)

✓g✓0 Run 2, unpolarized g 7.0 (8.9) 7.2 (10)
✓g✓0 Run 2, left-handed g 5.9 (7.5) 5.7 (8.5)
✓g✓0 Run 2, right-handed g 8.4 (11) 9.2 (13)

Combined ✓g Run 1 + Run 2, unpolarized g 5.0 (6.0) 6.5 (5.3)
Combined ✓g Run 2, left-handed g 4.5 (5.7) 5.6 (5.3)
Combined ✓g Run 2, right-handed g 5.4 (6.2) 7.7 (5.3)
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Figure 2: Observed and best-fit predicted distributions of the collinear mass in the high-?T SRs. Plots (a) and (b)
show the distributions for the 4g` and `g4 channels, respectively. The expected signal, normalized to an arbitrary
B(/ ! ✓g) = 3⇥10�4 for visualization purposes, is shown as a dashed histogram in each plot. In the panel below
each plot, the ratios of the observed yield (dots) and the best-fit background-plus-signal yield (solid line) to the best-fit
background yield are shown. The hatched error bands represent one standard deviation of the combined statistical
and systematic uncertainties. The first and last bins in each plot include underflow and overflow events, respectively.
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Figure 2: Observed and best-fit predicted distributions of the collinear mass in the high-?T SRs. Plots (a) and (b)
show the distributions for the 4g` and `g4 channels, respectively. The expected signal, normalized to an arbitrary
B(/ ! ✓g) = 3⇥10�4 for visualization purposes, is shown as a dashed histogram in each plot. In the panel below
each plot, the ratios of the observed yield (dots) and the best-fit background-plus-signal yield (solid line) to the best-fit
background yield are shown. The hatched error bands represent one standard deviation of the combined statistical
and systematic uncertainties. The first and last bins in each plot include underflow and overflow events, respectively.

Table 3: Observed and expected (median) upper limits on the signal branching fraction at 95% CL, in di�erent
g-polarization scenarios.

Observed (expected) upper limit on B(` ! ◆3) [⇥10
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]

Final state, polarization assumption e3 -3

✓ghad Run 1 + Run 2, unpolarized g [9] 8.1 (8.1) 9.5 (6.1)
✓ghad Run 2, left-handed g [9] 8.2 (8.6) 9.5 (6.7)
✓ghad Run 2, right-handed g [9] 7.8 (7.6) 10 (5.8)

✓g✓0 Run 2, unpolarized g 7.0 (8.9) 7.2 (10)
✓g✓0 Run 2, left-handed g 5.9 (7.5) 5.7 (8.5)
✓g✓0 Run 2, right-handed g 8.4 (11) 9.2 (13)

Combined ✓g Run 1 + Run 2, unpolarized g 5.0 (6.0) 6.5 (5.3)
Combined ✓g Run 2, left-handed g 4.5 (5.7) 5.6 (5.3)
Combined ✓g Run 2, right-handed g 5.4 (6.2) 7.7 (5.3)
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[17]. Systematic uncertainties from the two measurements are considered uncorrelated in the combined
likelihood function. The upper limits are shown in Table 4 for LFV decays with di�erent assumptions
about the g-polarisation state. In the scenario where the g-leptons are unpolarised, the observed upper
limits at 95% CL on B(/ ! 4g) and B(/ ! `g) are 8.1 ⇥ 10≠6 and 9.5 ⇥ 10≠6, respectively.

Table 4: The observed and expected (median) upper limits on the signal branching fraction at 95% CL, in di�erent
g-polarisation scenarios. The di�erences between the observed and expected limits are due to the non-zero best-fit
signal branching fractions.

Observed (expected) upper limit on B(` ! ◆3) [⇥10�6]
Experiment, polarisation assumption e3 -3

ATLAS Run 2, unpolarised g 8.1 (8.1) 9.9 (6.3)
ATLAS Run 2, left-handed g 8.2 (8.6) 9.5 (6.7)
ATLAS Run 2, right-handed g 7.8 (7.6) 10 (5.8)

ATLAS Run 1, unpolarised g [17] 17 (26)

ATLAS Run 1+Run 2 combination,
unpolarised g

9.5 (6.1)

LEP OPAL, unpolarised g [10] 9.8 17
LEP DELPHI, unpolarised g [11] 22 12

In conclusion, these results from the ATLAS experiment at the LHC set stringent constraints on LFV
/-boson decays involving g-leptons (using only their hadronic decays), superseding the most stringent ones
set by the LEP experiments more than two decades ago. The precision of these results is mainly limited by
statistical uncertainties.
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Figure 2: Observed and best-fit predicted distributions of the collinear mass in the high-?T SRs. Plots (a) and (b)
show the distributions for the 4g` and `g4 channels, respectively. The expected signal, normalized to an arbitrary
B(/ ! ✓g) = 3⇥10�4 for visualization purposes, is shown as a dashed histogram in each plot. In the panel below
each plot, the ratios of the observed yield (dots) and the best-fit background-plus-signal yield (solid line) to the best-fit
background yield are shown. The hatched error bands represent one standard deviation of the combined statistical
and systematic uncertainties. The first and last bins in each plot include underflow and overflow events, respectively.
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Figure 2: Feynman diagram for the production of a heavy neutrino via mixing with a neutrino
from the decay of a W boson and semileptonic decay of the heavy neutrino into a lepton and
two quarks. The subscripts ↵ and � indicate the lepton flavour. In this analysis ↵ and � are
both muons.

of coupling and branching ratio.
The paper is organised as follows. In Section 2 the detector, data and simulation

samples are described, and in Section 3 the selection of signal and normalisation candidates
is discussed. Section 4 contains the results and conclusions are drawn in Section 5.

2 Detector and simulation

The LHCb detector [26, 27] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [28], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [29] placed downstream of the
magnet. The tracking system provides a measurement of the momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200GeV/c. The minimum distance of a track to a primary proton-proton collision vertex
(PV), the impact parameter (IP), is measured with a resolution of (15+ 29/pT)µm, where
pT is the component of the momentum transverse to the beam, in GeV/c. Di↵erent types
of charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors [30]. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad (SPD) and preshower detectors, an electromagnetic and a
hadronic calorimeter. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [31]. The online event selection is performed
by a trigger [32], which consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage, which applies a full event

3

μ+

μ±

j / e∓

j / ν

20

LHCb  Eur. Phys. J. C 81 (2021) 248

Heavy leptons in W decays

CMS prompt trilepton search (PRL 120, 221801 (2018)) 
excludes LFV N with   at  GeV|VμN |2 ≳ 2 × 10−5 mN = 15
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Fig. 4 Distributions of mcorr (top) and the flight distance (bottom) of two BDT intervals (left and right), where a simultaneous fit result for a LLP
signal with mLLP = 47 GeV/c2 and τLLP = 50 ps is overlaid; the fitted signal yield in this example is 14 ± 14

a similar way, systematic uncertainties ranging from 0.5 to
2.4% are assigned to the identification of the two leptons.

The systematic uncertainty due to the imprecision in the
simulated signal sample used to train the BDT classifier is
estimated by applying the classifier on modified signal dis-
tributions: each input variable is multiplied by a scale factor
drawn from a multivariate normal distribution built with the
variable biases and correlations, also inferred from the con-
trol samples. The standard deviation of the efficiency distri-
bution is used as systematic uncertainty, ranging from 0.6 to
1.0% for the BDT > 0.1 requirement, and from 3.3 to 4.0%
on the signal fraction in the BDT bins.

The contribution to the systematic uncertainty from the
statistical precision of the simulated signal samples is in the
range 1.1–3.0%.

The theoretical uncertainties are dominated by the lim-
ited knowledge of the partonic luminosity. This contribution

is estimated following the procedure explained in Ref. [45]
and varies from 1.1% up to 6.1%. The minimum systematic
contribution is found for the DPP and CC processes while the
maximum contribution is found for the gluon-gluon fusion
process HIG.

Finally, the total systematic uncertainty is obtained as the
sum in quadrature of all contributions, where the different
components of the detection efficiency are assumed to be
fully correlated. In order to uniformly cover the full mLLP
range, a third-order polynomial is fitted to the signal detection
efficiency as function ofmLLP for each simulated τLLP value.
A second order polynomial is also fitted to the efficiency. The
difference between the two efficiencies is assigned as system-
atic uncertainty, a contribution that is always less than 4%.
The interpolated signal efficiency for LLPs produced through
the DPP mechanism is shown in Fig. 5, accounting for the
geometrical acceptance. The criteria on the vertex displace-

123
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Fig. 4 Distributions of mcorr (top) and the flight distance (bottom) of two BDT intervals (left and right), where a simultaneous fit result for a LLP
signal with mLLP = 47 GeV/c2 and τLLP = 50 ps is overlaid; the fitted signal yield in this example is 14 ± 14
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statistical precision of the simulated signal samples is in the
range 1.1–3.0%.

The theoretical uncertainties are dominated by the lim-
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and varies from 1.1% up to 6.1%. The minimum systematic
contribution is found for the DPP and CC processes while the
maximum contribution is found for the gluon-gluon fusion
process HIG.

Finally, the total systematic uncertainty is obtained as the
sum in quadrature of all contributions, where the different
components of the detection efficiency are assumed to be
fully correlated. In order to uniformly cover the full mLLP
range, a third-order polynomial is fitted to the signal detection
efficiency as function ofmLLP for each simulated τLLP value.
A second order polynomial is also fitted to the efficiency. The
difference between the two efficiencies is assigned as system-
atic uncertainty, a contribution that is always less than 4%.
The interpolated signal efficiency for LLPs produced through
the DPP mechanism is shown in Fig. 5, accounting for the
geometrical acceptance. The criteria on the vertex displace-

123

Run2 dataset (5.4/fb)

261 Page 8 of 16 Eur. Phys. J. C (2021) 81 :261

(a) (b)

Fig. 6 a Expected (open circles and dotted line) and observed (filled
circles and solid line) upper limits of the cross-section as a function of
mLLP for τLLP = 10 ps, for LLPs produced through the DPP mecha-
nism. The green and yellow bands indicate the quantiles of the expected

upper limit corresponding to ±1σ and ±2σ for a Gaussian distribution.
bObserved limits on the cross-section as a function of τLLP for different
mLLP values for LLPs produced through the DPP mechanism

(a) (b)

Fig. 7 Observed upper limits on the production cross-sections times branching fraction for a mLLP = 7 GeV/c2 and b mLLP = 29.8 GeV/c2 as
function of τLLP for the DPP, HIG and CC production mechanisms

7 Results

The results of the simultaneous fits to the LLP corrected
mass and flight distance distributions in the two BDT inter-
vals (0.1, 0.5] and (0.5, 1.0], are found to be compatible
with the background-only hypothesis for all signal hypothe-
ses considered. Upper limits at 95% confidence level (CL)
on the production cross-sections times branching fraction are
computed for each production mechanism,

σDPP = σ (qq̄ → χ̃0
1 χ̃0

1 ) × B(χ̃0
1 → e±µ∓ν),

σHIG = σ (gg → h) × B(h → χ̃0
1 χ̃0

1 ) × B(χ̃0
1 → e±µ∓ν), and

σCC = σ (W → lN ) × B(N → e±µ∓ν),

for each pair ofmLLP and τLLP values using the CLs approach
[46]. Upper limits for selected mLLP and τLLP values are
shown in Fig. 6, 7 and 8. Figure 6a gives examples of
observed upper limits on σDPP, along with the range of limits
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mass and flight distance distributions in the two BDT inter-
vals (0.1, 0.5] and (0.5, 1.0], are found to be compatible
with the background-only hypothesis for all signal hypothe-
ses considered. Upper limits at 95% confidence level (CL)
on the production cross-sections times branching fraction are
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for each pair ofmLLP and τLLP values using the CLs approach
[46]. Upper limits for selected mLLP and τLLP values are
shown in Fig. 6, 7 and 8. Figure 6a gives examples of
observed upper limits on σDPP, along with the range of limits
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ATLAS trilepton displaced vertex search (JHEP 10 (2019) 265) 
excludes  at  GeV  |VμN |2 ≳ 2 × 10−6 mN = 7

Cascade b decays:  
Low  and m, high disp.ΔR

Independent  decays:  
High  and m, low disp.

bb̄
ΔR

LHCb  Eur. Phys. J. C 81 (2021) 81 
• Study of  W decays to probe low mass HNLs through their mixing with neutrinos 

- 


• Prompt, resonant   signature 
- Both LNV (SS) and LNC (OS) final states + jets 
- First limit on LNC decays of a prompt heavy neutrino 
   excluded for   GeV 
- Also first probe of  decay at low masses (<20 GeV)

5 ≲ mN < 50 GeV

N → μjj

|VμN |2 ≳ 10−3 mN ∼ 10
N → μjj

HNLs with light 
lepton flavor 
couplings:  

W+ → e+N/μ+N• Displaced  
-   (  form a secondary vertex) 
- Exclusion limits on   
- First direct LLP   search at LHCb

N → eμν
cτN < 15 mm eμ

σN − τN
→ eμν

Figure 6: Observed upper limit on the mixing parameter |VµN |2 between a heavy neutrino and
a muon neutrino in the mass range 5� 50GeV/c2 for same-sign and opposite-sign muons in the
final states with and without lifetime correction.

B(N ! µ jet) = 0.51, computed as described in Section 1 assuming |VeN |2 = |V⌧N |2 = 0.
For the 5GeV/c2 heavy-neutrino mass hypothesis, at the limit set, the heavy neutrino is
expected to be long-lived with a lifetime of 3.8 ps and 1.1 ps for same- and opposite-sign
muons in the final states, respectively. Since this search targets prompt heavy neutrinos,
the acceptance is corrected accordingly. The constraints on the coupling as a function of
mass for the opposite- and same-sign muons final state, with and without the acceptance
correction factor applied, are illustrated in Fig. 6.

5 Conclusion

A search for a prompt heavy neutrino in the decay N ! µ jet is performed using data
from proton-proton collisions recorded by the LHCb experiment, corresponding to a
total integrated luminosity of 3 fb�1. No evidence for heavy neutrinos is observed and
limits of the order of 10�4 and 10�3 are set as a function of heavy-neutrino mass for
lepton-number-conserving and lepton-number-violating decays, respectively. An upwards
fluctuation is present in the lepton-number-violating case, which is likely ascribable to an
imperfectly modelled component of the background. These represent the first limits on the
coupling to a heavy neutrino in the mass range 5-50GeV/c2 at LHCb. For the first time the
signature of two muons and a low mass jet has been probed for heavy neutrinos with mass
lower than 20GeV/c2. Furthermore, this is the first limit on lepton-number-conserving
decays of a prompt heavy neutrino in the mass range of interest. The observed limits on
lepton-number-violating decays are not yet competitive with the existing limits [4, 18, 19].
With an integrated luminosity of 50 fb�1, a better sensitivity than the current most
stringent limit could be reached for the same-sign muons channel. While this analysis
targets prompt heavy-neutrino decays, better sensitivity for low heavy-neutrino masses
can be achieved by including long-lived signatures.
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Run1, 3/fb

Figure 4: Distributions of the invariant mass m(µN jet) for (left) same-sign and (right) opposite-
sign muons. The signal component corresponds to a 15GeV/c2 neutrino.

Figure 5: Expected (dashed line) and observed (solid line) upper limit on B(N ! µ jet) |VµN |2
at 95% C.L. for (left) the same-sign muons sample and (right) the opposite-sign muons sample.
The light and dark green bands show the 1� and 2� uncertainties, respectively, on the expected
upper limits.

three of the candidates are very close to the requirements, defined a priori with a blinded
procedure, indicating that they are background-like and probably a QCD fluctuation.
Each candidate has also a relatively large value for the missing transverse momentum
in the event, which is not characteristic for the signal. Consequently, the excess at high
mass is likely the result of an imperfectly modelled component of the background. For
the opposite-sign muons samples, the expected limit is a factor 5 to 10 worse due to the
irreducible background from Drell-Yan processes, in agreement with expectations.

To set upper limits on the coupling, the results of Fig. 5 are scaled by

10

Un-signal-like excess 
in same-sign channel, 
relatively high pmiss

T

Figure 6: Observed upper limit on the mixing parameter |VµN |2 between a heavy neutrino and
a muon neutrino in the mass range 5� 50GeV/c2 for same-sign and opposite-sign muons in the
final states with and without lifetime correction.

B(N ! µ jet) = 0.51, computed as described in Section 1 assuming |VeN |2 = |V⌧N |2 = 0.
For the 5GeV/c2 heavy-neutrino mass hypothesis, at the limit set, the heavy neutrino is
expected to be long-lived with a lifetime of 3.8 ps and 1.1 ps for same- and opposite-sign
muons in the final states, respectively. Since this search targets prompt heavy neutrinos,
the acceptance is corrected accordingly. The constraints on the coupling as a function of
mass for the opposite- and same-sign muons final state, with and without the acceptance
correction factor applied, are illustrated in Fig. 6.

5 Conclusion

A search for a prompt heavy neutrino in the decay N ! µ jet is performed using data
from proton-proton collisions recorded by the LHCb experiment, corresponding to a
total integrated luminosity of 3 fb�1. No evidence for heavy neutrinos is observed and
limits of the order of 10�4 and 10�3 are set as a function of heavy-neutrino mass for
lepton-number-conserving and lepton-number-violating decays, respectively. An upwards
fluctuation is present in the lepton-number-violating case, which is likely ascribable to an
imperfectly modelled component of the background. These represent the first limits on the
coupling to a heavy neutrino in the mass range 5-50GeV/c2 at LHCb. For the first time the
signature of two muons and a low mass jet has been probed for heavy neutrinos with mass
lower than 20GeV/c2. Furthermore, this is the first limit on lepton-number-conserving
decays of a prompt heavy neutrino in the mass range of interest. The observed limits on
lepton-number-violating decays are not yet competitive with the existing limits [4, 18, 19].
With an integrated luminosity of 50 fb�1, a better sensitivity than the current most
stringent limit could be reached for the same-sign muons channel. While this analysis
targets prompt heavy-neutrino decays, better sensitivity for low heavy-neutrino masses
can be achieved by including long-lived signatures.
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 non-negligible  at  m<10 GeVτN

Decays outside VELO  

https://cds.cern.ch/record/2744120
https://arxiv.org/abs/1802.02965
https://arxiv.org/abs/1905.09787
https://cds.cern.ch/record/2746781
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ATLAS  CONF-2021-023

Heavy leptons: pair production
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Figure 11: The 95% confidence level expected and observed upper limits on the total produc-
tion cross section of heavy fermion pairs. The inner (green) and the outer (yellow) bands in-
dicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis. Also shown are the theoretical prediction for the cross
section and the associated uncertainty of the S pair production via the type-III seesaw mecha-
nism. Type-III seesaw heavy fermions are excluded for masses below 880 GeV (expected limit
930 GeV) in the flavor-democratic scenario.

JHEP 03 (2020) 051

SR

*ATLAS Run2 dilepton+jets search  Eur. Phys. J. C 81 (2021) 218

*

• Pair production of heavy fermions,  (Type III Seesaw) 
- Production via EWK interactions 
- Mass degenerate SU(2) triplet 
- Decays via flavor democratic  
  mixings with SM leptons 
 
 
 
 

• Variety of final states with electrons or muons, jets, and  
- 3 leptons:  0-1, 2 or more jets 
- 4 leptons:    
 

• Most stringent limits to date: ~ 910 GeV  
- Very similar constraints from CMS as well 

N0, L±

pmiss
T

ΣQi = 0, ± 2

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-023/
https://arxiv.org/abs/1911.04968
http://cds.cern.ch/record/2728390
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To summarize
• Diverse set of Exotic searches probing a multidimensional phase space at the LHC 

- extended boson / fermion sectors (few GeV to few TeV) 
- Higgs as a discovery tool (light in the dark) 
- direct probes of new physics over 4 orders of magnitude in mass


• Vibrant activity on the mature Run-2 dataset in the months to come, 
and rise of new innovative techniques and practices in the wake of Run-3 
- Trigger level analysis is a powerful tool   (less is more) 
- ML is now an industry standard  
    (jets are the new leptons, advanced analysis techniques) 
- “Non-standard” uses of our detectors  
    (New triggers, detector upgrades to facilitate this further)


• Hadron colliders have been with us for only 50 years:  
- proven discovery machines! 
- we have all the reasons to look forward to the next ~20 years of the the LHC

https://cerncourier.com/a/discovery-machines/



Halil Saka (University of Cyprus)                                                                                       Experimental Results on Exotic Searches  -  LHCP 2021              23



Halil Saka (University of Cyprus)                                                                                       Experimental Results on Exotic Searches  -  LHCP 2021              24

LHCb flavor anomalies: tests of LFU

analysis.
The analysis strategy aims to reduce systematic uncertainties induced in modelling

the markedly di↵erent reconstruction of decays with muons in the final state, compared
to decays with electrons. These di↵erences arise due to the significant bremsstrahlung
radiation emitted by the electrons and the di↵erent detector subsystems that are used
to identify electron and muon candidates (see Methods). The major challenge of the
measurement is then correcting for the e�ciency of the selection requirements used to
isolate signal candidates and reduce background. In order to avoid unconscious bias, the
analysis procedure was developed and the cross-checks described below performed before
the result for RK was examined.

In addition to the process discussed above, the K
+
`
+
`
� final state is produced via

a B
+

! XqqK
+ decay, where Xqq is a bound state (meson) such as the J/ . The

J/ meson consists of a charm quark and antiquark, cc, and is produced resonantly at
q
2 = 9.59GeV2

/c
4. This ‘charmonium’ resonance subsequently decays into two leptons,

J/ ! `
+
`
�. The B

+
! J/ (! `

+
`
�)K+ decays are not suppressed and hence have a

branching fraction orders of magnitude larger than that of B+
! K

+
`
+
`
� decays. These

two processes are separated by applying a requirement on q
2. The 1.1 < q

2
< 6.0GeV2

/c
4

region used to select B
+
! K

+
`
+
`
� decays is chosen to reduce the pollution from the

J/ resonance and the high-q2 region that contains contributions from further excited
charmonium resonances, such as the  (2S) and  (3770) states, and from lighter ss

resonances, such as the �(1020) meson. In the remainder of this article, the notation
B

+
! K

+
`
+
`
� is used to denote only decays with 1.1 < q

2
< 6.0GeV2

/c
4, which are

referred to as nonresonant, whereas B+
! J/ (! `

+
`
�)K+ decays are denoted resonant.

To help overcome the challenge of modelling precisely the di↵erent electron and muon
reconstruction e�ciencies, the branching fractions of B+

! K
+
`
+
`
� decays are measured

relative to those of B+
! J/ K

+ decays [110]. Since the J/ ! `
+
`
� branching fractions

are known to respect lepton universality to within 0.4% [2,111], the RK ratio is determined
via the double ratio of branching fractions

RK =
B(B+

! K
+
µ
+
µ
�)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

! K
+
e
+
e
�)

B(B+
! J/ (! e

+
e
�)K+)

. (2)

In this equation, each branching fraction can be replaced by the corresponding event yield
divided by the appropriate overall detection e�ciency (see Methods), as all other factors
needed to determine each branching fraction individually cancel out. The e�ciency of the
nonresonant B+

! K
+
e
+
e
� decay therefore needs to be known only relative to that of the

resonant B+
! J/ (! e

+
e
�)K+ decay, rather than relative to the B+

! K
+
µ
+
µ
� decay.

As the detector signature of each resonant decay is similar to that of its corresponding
nonresonant decay, systematic uncertainties that would otherwise dominate the calculation
of these e�ciencies are suppressed. The yields observed in these four decay modes and the
ratios of e�ciencies determined from simulated events then enable anRK measurement with
statistically dominated uncertainties. Percent-level control of the e�ciencies is verified with
a direct comparison of the B+

! J/ (! e
+
e
�)K+ and B

+
! J/ (! µ

+
µ
�)K+ branching

fractions in the ratio rJ/ = B(B+
! J/ (! µ

+
µ
�)K+)/B(B+

! J/ (! e
+
e
�)K+), as

detailed below.
Candidate B

+
! K

+
`
+
`
� decays are found by combining the reconstructed trajec-

tory (track) of a particle identified as a charged kaon, together with the tracks from a
pair of well-reconstructed oppositely charged particles identified as either electrons or

3

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.

8

The Standard Model (SM) of particle physics provides precise predictions for the
properties and interactions of fundamental particles, which have been confirmed by
numerous experiments since the inception of the model in the 1960’s. However, it is clear
that the model is incomplete. The SM is unable to explain cosmological observations of the
dominance of matter over antimatter, the apparent dark-matter content of the Universe,
or explain the patterns seen in the interaction strengths of the particles. Particle physicists
have therefore been searching for ‘new physics’ — the new particles and interactions that
can explain the SM’s shortcomings.

One method to search for new physics is to compare measurements of the properties
of hadron decays, where hadrons are bound states of quarks, with their SM predictions.
Measurable quantities can be predicted precisely in the decays of a charged beauty hadron,
B

+, into a charged kaon, K+, and two charged leptons, `+`�. The B
+ hadron contains

a beauty antiquark, b, and the K
+ a strange antiquark, s, such that at the quark level

the decay involves a b ! s transition. Quantum field theory allows such a process to be
mediated by virtual particles that can have a physical mass larger than the mass di↵erence
between the initial- and final-state particles. In the SM description of such processes,
these virtual particles include the electroweak-force carriers, the �, W± and Z

0 bosons,
and the top quark (see Fig. 1, left). Such decays are highly suppressed [1] and the fraction
of B+ hadrons that decay into this final state (the branching fraction, B) is of the order
of 10�6 [2].

A distinctive feature of the SM is that the di↵erent leptons, electron (e�), muon (µ�)
and tau (⌧�), have the same interaction strengths. This is known as ‘lepton universality’.
The only exception to this is due to the Higgs field, since the lepton-Higgs interaction
strength gives rise to the di↵ering lepton masses m⌧ > mµ > me. The suppression
of b ! s transitions is understood in terms of the fundamental symmetries on which
the SM is built. Conversely, lepton universality is an accidental symmetry of the SM,
which is not a consequence of any axiom of the theory. Extensions to the SM that aim
to address many of its shortfalls predict new virtual particles that could contribute to
b ! s transitions (see Fig. 1, right) and could have nonuniversal interactions, hence
giving branching fractions of B+

! K
+
`
+
`
� decays with di↵erent leptons that di↵er from

the SM predictions. Whenever a process is specified in this article, the inclusion of the

Figure 1: Fundamental processes contributing to B+
! K+`+`� decays in the SM and possible

new physics models. A B+ meson, consisting of b and u quarks, decays into a K+, containing
s and u quarks, and two charged leptons, `+`�. (Left) The SM contribution involves the
electroweak bosons �, W+ and Z0. (Right) A possible new physics contribution to the decay
with a hypothetical leptoquark (LQ) which, unlike the electroweak bosons, could have di↵erent
interaction strengths with the di↵erent types of leptons.

1

SM BSM 
tree level contribution

LHCb-PAPER-2021-004

https://arxiv.org/abs/2103.11769
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Leptoquark searches 
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Figure 2: Expected and observed exclusion contours at the 95 % confidence level for pair-produced scalar third-
generation down-type leptoquarks with decays LQd

3 ! 1a/Cg, as a function of the leptoquark mass and the branching
fraction B(LQd

3 ! Cg) into a charged lepton and a quark. The area shaded in gray corresponds to the observed
exclusion contours from the previous ATLAS publication [1] based on 36.1 fb�1 of data taken in 2015 and 2016. In
addition to the dedicated searches for leptoquarks, the plot includes a reinterpretation of the search for pair production
of supersymmetric bottom squarks with no leptons (sbottom-0✓) in the final state.
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Figure 1: Expected and observed exclusion contours at the 95 % confidence level for pair-produced scalar third-
generation up-type leptoquarks with decays LQu

3 ! Ca/1g, as a function of the leptoquark mass and the branching
fraction B(LQu

3 ! 1g) into a charged lepton and a quark. The area shaded in gray corresponds to the observed
exclusion contours from the previous ATLAS publication [1] based on 36.1 fb�1 of data taken in 2015 and 2016. In
addition to the dedicated search for leptoquarks, the plot includes a reinterpretation of the search for pair production
of supersymmetric top squarks with no leptons (stop-0✓) in the final state.
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Heavy neutral leptons
248 Page 2 of 15 Eur. Phys. J. C (2021) 81 :248

Fig. 1 Properties of a heavy
neutrino as a function of its
mass [21,22]: (left) the
branching fractions to final
states with a muon and (right)
the lifetime, assuming a
coupling of 10−4

The heavy neutrino decays via neutral or charged current
interactions N → νZ (∗), N → νH (∗) or N → µ±W∓(∗),
where the Z , Higgs and W bosons can be on- or off-shell.
The corresponding branching fractions are computed based
on Refs. [21,22], where the Higgs contribution is neglected
due to its suppression in the mass range considered. The
total width is given by the sum of the partial decay widths
of charged and neutral current interactions. If the neutrino is
a Majorana particle, an additional lepton-number-violating
decay contributes to the same final state, with the same par-
tial decay width as the lepton-number-conserving decay. The
branching fraction to any non-charge-specific final state is
unaffected, but the lifetime is a factor of two smaller than if
the neutrino were a Dirac particle.

The left plot of Fig. 1 shows the branching fraction for
HNL decay modes with a muon in the final state as a func-
tion of the heavy-neutrino mass. The difference between the
HNL decay modes to quarks is mainly due to CKM matrix
elements [23,24], with the quark masses only playing a minor
role at low heavy-neutrino masses. The branching fraction of
the decay N → µµν is about one order of magnitude smaller
than that of the N → µqq ′ mode, due to negative interfer-
ence between charged and neutral current interactions. In the
right plot of Fig. 1 the lifetime is shown as a function of the
heavy-neutrino mass assuming a coupling of 10−4. In the
low-mass regime, the lifetime is of the order of a few ps,
while at higher masses the lifetime is so small that the decay
can be considered prompt.

In this paper, a search is presented for a prompt HNL in
the decay1 W+ → µ+N with N → µ±qq ′, as depicted in
Fig. 2. Data collected by the LHCb experiment in proton–
proton collisions at centre-of-mass energies of 7 TeV in 2011
and 8 TeV in 2012 are used, corresponding to integrated lumi-
nosities of 1.0 and 1.9 fb−1 [25], respectively.

1 Charge-conjugate processes are implied throughout the paper.

Fig. 2 Feynman diagram for the production of a heavy neutrino via
mixing with a neutrino from the decay of a W boson and semileptonic
decay of the heavy neutrino into a lepton and two quarks. The subscripts
α and β indicate the lepton flavour. In this analysis α and β are both
muons

The experimental signature consists of two muons and one
or two jets depending on the HNL mass. The muon from W
decay, denoted as µW , carries significant transverse momen-
tum, while the muon from N decay, denoted as µN , has
lower momentum. Both same-sign and opposite-sign muons
are considered, allowing for the possibility that the HNL
has a Majorana nature. The signal yields for both categories
and several mass hypotheses in the range 5−50 GeV/c2 are
extracted from the data and normalized with respect to the
W+ → µ+ν decay. Corresponding upper limits are then set
on the product of coupling and branching ratio.

The paper is organised as follows. In Sect. 2 the detector,
data and simulation samples are described, and in Sect. 3 the
selection of signal and normalisation candidates is discussed.
Section 4 contains the results and conclusions are drawn in
Sect. 5.
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CMS long-lived particle searches
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ATLAS Exotics searches
Model !, γ Jets† Emiss
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L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 2007.052933.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0121.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0122.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a 0 e, µ 2 b Yes 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-006520 GeVmmed

Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y=0.4, λ=0.2, m(χ)=10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 2 e ≥ 2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥ 2 j, ≥ 2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥ 2e, µ, ≥ 1τ≥ 1 j, ≥ 1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e,µ, ≥ 1τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ ≥ 2 b, ≥ 1j Yes 79.8 singlet, κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 139 20008.07949790 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: March 2021

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

ATL-PHYS-PUB-2021-009

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-009/
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Model Channel† Strategy* Limit Reference
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Bulk RS (kπrc = 35, ΛR = 3TeV) R →WW ,ZZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-3.2 TeV

Bulk RS (kπrc = 35, ΛR = 3TeV) R →WW ,ZZ → qqqq boosted JHEP 06 (2020) 0421.3-3.0 TeV

RS1 (k/MPl = 0.01) GKK → γγ resolved arXiv:2102.134050.5-2.2 TeV

RS1 (k/MPl = 0.05) GKK → γγ resolved arXiv:2102.134050.5-3.9 TeV

RS1 (k/MPl = 0.1) GKK → γγ resolved arXiv:2102.134050.5-4.5 TeV

Bulk RS (k/MPl = 0.5) GKK →WW → eνµν resolved Eur. Phys. J. C 78 (2018) 240.2-0.75 TeV

Bulk RS (k/MPl = 1.0) GKK → ZZ → ###′#′, νν## resolved Eur. Phys. J. C 81 (2021) 3320.6-1.75 TeV

Bulk RS (k/MPl = 1.0) GKK →WW → eνµν resolved Eur. Phys. J. C 78 (2018) 240.2-1.1 TeV

Bulk RS (k/MPl = 1.0) GKK →WW ,ZZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-2.0 TeV

Bulk RS (k/MPl = 1.0) GKK →WW ,ZZ → qqqq boosted JHEP 06 (2020) 0421.3-1.8 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WZ → #ν#′#′ resolved Phys. Lett. B 787 (2018) 680.25-2.26 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-3.9 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WH → #νbb resolved, boosted ATLAS-CONF-2021-0260.4-2.95 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WZ → qqqq boosted JHEP 06 (2020) 0421.3-3.4 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-2.9 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ →WW → eνµν resolved Eur. Phys. J. C 78 (2018) 240.2-1.3 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ →WW → #νqq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-3.5 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ → ZH → ννbb, ##bb resolved, boosted ATLAS-CONF-2020-0430.3-2.9 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ →WW → qqqq boosted JHEP 06 (2020) 0421.3-2.9 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ → ZH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-2.2 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WZ → #ν#′#′ resolved Phys. Lett. B 787 (2018) 680.8-2.46 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.8-4.3 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WH → #νbb resolved, boosted ATLAS-CONF-2021-0260.8-3.15 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WZ → qqqq boosted JHEP 06 (2020) 0421.3-3.6 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-3.2 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ →WW → #νqq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.8-3.9 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ → ZH → ννbb, ##bb resolved, boosted ATLAS-CONF-2020-0430.8-3.2 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ →WW → qqqq boosted JHEP 06 (2020) 0421.3-3.1 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ → ZH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-2.65 TeV

Excluded mass range [TeV]

0.2 0.4 0.6 0.8 1 2 3 4 5

√

s = 13 TeV
L = 36.1 fb−1

√

s = 13 TeV
L = 139 fb−1

ATLAS Diboson Searches - 95% CL Exclusion Limits
Status: June 2021

ATLAS Preliminary

L = (36.1 – 139) fb−1
√
s = 13 TeV

*small-radius (large-radius) jets are used in resolved (boosted) events
†with # = µ, e
††uses 126-139 fb−1 29

ATLAS Diboson searches


