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New Physics with Top Quarks

2 Searches with top quarks in the final state

The 3rd Generation
‣ Focus on t and b quarks in model building

• Addresses a number of questions 
(Naturalness, mass hierarchies…)

• Couplings to t and b dominant

‣ Weak constraints from EWPO and low 
energy measurements

‣ Many incarnations: new gauge groups, 
extended scalar sectors, axions,  
extra dimensions… 
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Figure 2: The branching ratios of Z ′ into the various modes as a function of its mass for A1 (left),
Z̃1 (center) and Z̃X1 (right).

two leading channels tt̄ and WW are comparable. For Z̃1, the leading channel is Zh and the next

is tt̄. The suppressed coupling to WW can be understood from the equivalence theorem – for the

mass range shown it happens that the eaten charged Goldstone boson almost decouples from this

state5. A similar argument, but for the eaten neutral Goldstone boson explains the suppression of

the Zh mode in the case of Z̃X1. In all cases, the charged lepton mode !! is very small, ranging in

10−3 − 10−4. As a representative, in Table 1 we show the partial widths and the decay branching

ratios for MZ′ = 2 TeV.

Table 1: Partial widths and decay branching ratios for MZ′ = 2 TeV.

A1 Z̃1 Z̃X1

Γ(GeV) BR Γ(GeV) BR Γ(GeV) BR
t̄t 55.8 0.54 18.3 0.16 55.6 0.41
b̄b 0.9 8.7 × 10−3 0.12 10−3 28.5 0.21
ūu 0.28 2.7 × 10−3 0.2 1.7 × 10−3 0.05 4 × 10−4

d̄d 0.07 6.7 × 10−4 0.25 2.2 × 10−3 0.07 5.2 × 10−4

!+!− 0.21 2 × 10−3 0.06 5 × 10−4 0.02 1.2 × 10−4

W+
L W−

L 45.5 0.44 0.88 7.7 × 10−3 50.2 0.37
ZLh - - 94 0.82 2.7 0.02
Total 103.3 114.6 135.6

The Z̃1 and Z̃X1 BR’s into some modes show interesting behavior due to the following: For

5Here the SU(2)L,R couplings are set to be equal, as explained in appendix A.
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Why We Do Searches

3 Searches with top quarks in the final state

SciPost Physics Submission
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Figure 3: ATLAS all-hadronic boosted tt̄ measurement, and PBZpWp signal for MZ0 =
4.56 TeV, �Z0/MZ0 = 0.5. Transverse momentum distribution for tt̄, (a) using data as back-
ground, (b) using NLO SM as background, (c) using NNLO SM as background, (d) Expected
exclusion using NNLO SM prediction for background. In each case the black points are the
measurement, the red histogram is the SM background + BSM signal, and the green is the SM
prediction. The lower insets show the ratio of the signal plus background to the measurement,
with the yellow band indicating the combined 1 � uncertainty on the ratio, and the green
band indicating the uncertainty on the SM prediction.

10

Z’

t

t
Study Leptophobic  
Topcolor Z’
‣ Include many particle level 

measurements

•  in all-had, ℓ+jets and ℓℓ

• inclusive and dijets

• MET+jet

‣ Derive mass limits using Contur 

‣ Weaker constraints  
than from direct searches 
by 1.5-2.5 TeV

tt̄

SciPost Physics Submission
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Figure 2: Sensitivity to the leptophobic TC model, in the Z
0 mass (GeV) versus �Z0/MZ0

plane, for Z
0
! tt̄. The coloured blocks indicate the most sensitive final state (see legend be-

low). The 95% CL (solid red) and 68% CL exclusion (dashed red) contours are superimposed.
(a) Data used as background, but only those measurements with available SM predictions
are used. (b) Using NLO SM prediction for background. (c) Using NNLO SM prediction for
background. (d) Expected limit using NNLO SM prediction for background.
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(but can access larger widths)

 [GeV]ptt̄
T

 TeVMZ′ = 4.56
ΓZ′ /MZ′ = 0.5

[Butterworth et al., JHEP 03, 78 (2017)], 

[Altakach et al., 2111.15406]

[ATLAS, JHEP 10, 61 (2020)],  
[CMS, JHEP 04, 31 (2019)]

[Buckley et al., SciPost Phys. Core 4, 013 (2021)]

https://doi.org/10.1007/JHEP03(2017)078
https://arxiv.org/abs/2111.15406
https://doi.org/10.1007/JHEP10(2020)061
https://doi.org/10.1007/JHEP04(2019)031
https://doi.org/10.1007/JHEP04(2019)031
https://doi.org/10.21468/SciPostPhysCore.4.2.013
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Jet Substructure at CMS

‣ Large-R jets: anti-kT R=0.8 or 1.5 jets

• Particle flow candidates for computation of substructure

• Pileup mitigation: PUPPI

• Soft drop for groomed jet mass 

• N-Subjettiness ratios for 2- and 3-prong tagging

• Subjet b tagging for t and H jets

Advanced techniques
‣ HOTVR: variable-R jet clustering

‣ DeepAK8: CNN for large-R jet identification

‣ ImageTop: image recognition with jet pixelization

‣ ParticleNet: graph NNs, new!

4 Searches with top quarks in the final state

[CMS, JINST 15 (2020) P06005]

[CMS, JINST 15 (2020) P09018]

[CMS DP2020-002]

https://doi.org/10.1088/1748-0221/15/06/P06005
https://doi.org/10.1088/1748-0221/15/09/P09018
https://cds.cern.ch/record/2707946/


Roman Kogler 5 Searches with top quarks in the final state

Heavy Object Tagger 
with Variable R
‣Adaptive jet radius with VR

• drawback: large catchment 
area at low pT

‣ Solution: vetoed jet clustering

• mass jump condition

• remove soft/wide angle rad.

‣ Stable performance with little 
algorithmic complexity over 
large range in pT

HOTVR

[Stoll, JHEP 04, 111 (2015)]
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[Lapsien, RK, Haller, EPJ C 76, 600 (2016)]
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Tagging Efficiencies

6 Searches with top quarks in the final state

Tag-and-probe measurements

‣ tt production for  
W and t tagging

‣ Extrapolations to Z and  
H from simulation

W
q’
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q b

t
p p

W

ν

tag
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t
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Fig. 3.12 Softdrop mass distributions for anti-kT jets with PUPPI and pT > 300GeV in CMS data
recorded in 2018. Shown are the top tagging fail (left) and pass (right) regions, where pass is defined
by τ32 < 0.46. The simulation is shown after the template fit to data of themerged, semi-merged and
un-merged contributions. In the ratio at the bottom, the inner area displays the statistical uncertainty
of the simulation and the outer area shows the total uncertainty. Taken from [531]

events start from pT > 400GeV or higher, whereas it is possible to probe pT >

200GeV in γ+jets samples thanks to lower thresholds in photon triggers [525, 526].
Another approach is to use a non-isolated electron trigger, where the electron fails
offline identification criteria. This yields events mainly from light-flavour multijet
production, where a jet is misidentified as an electron at the trigger level. While the
top-tag misidentification rate can be measured starting from smaller values of pT
with this strategy, a non-negligible amount of t t contamination has to be subtracted
after requiring a top-tagged jet [520].

3.5.5 Machine Learning Taggers

Soon after the first studies were conducted on jet substructure at the LHC, it was
realised thatmultivariate analyses can help to identify variables of importance for tag-
ging. Due to the wealth of substructure observables based on different approaches, it
is far from obvious which ones carry additional information relative to other observ-
ables. In addition, the information carried by an observable changes when calculated
on groomed jets, and usually gets reduced by detector effects. Studies by ATLAS
and CMS have used boosted decision trees (BDTs) [532, 533] and multilayer per-
ceptron (MLP) neural networks [534, 535] to gain information on the importance of
variables for substructure taggers [411, 435, 459, 535]. Typically, these BDTs and
MLPs take jet substructure variables as input and perform a classification into signal
and background, where the output distribution is obtained through an optimisation of
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[CMS, JINST 15 (2020) P06005]

https://doi.org/10.1088/1748-0221/15/06/P06005
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tW Resonances

7 Searches with top quarks in the final state

‣ Target excited b* → tW (about 40% BR at high mass)

• Single top production in tW channel

• Resonance structure at high mass

‣ All-hadronic channel features dijet topology

• Suppress QCD multijet background using  
t and W tagging with τ21 and τ32
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[CMS, JHEP 12, 106 (2021)]

https://doi.org/10.1007/JHEP12(2021)106
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tW Resonances

8 Searches with top quarks in the final state
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tW Resonances

9 Searches with top quarks in the final state
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tW Resonances in ℓ+Jets

10 Searches with top quarks in the final state
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tW Resonances: Results

11 Searches with top quarks in the final state
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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.
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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.

• Search for T  tZ( )


• Covering full range of merged, partially 
merged and resolved top topology


• Test different widths of the VLQ T


• Sensitive variable: transverse mass 


• Bkg. estimation from data and simulation 
using control regions with correction 
factors


• Using PUPPI for large-cone jets + 
substructure tagging


• Excluded at 95% CL mass hypotheses 
between 0.98 and 1.4 TeV depending on 
the width of the T

→ νν
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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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Single Vector-Like Quark
‣ Single production of VLQ T

• Decays to tZ, tH and bW 

‣ All-hadronic search (36 fb−1): 3σ excess at MT ≈ 650 GeV

12 Searches with top quarks in the final state
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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.
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• Search for T  tZ( )
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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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Single VLQ T→tZ
‣ Single production of VLQ T

• Decays to tZ, tH and bW 

‣ All-hadronic search (36 fb−1): 3σ excess at MT ≈ 650 GeV

‣ Orthogonal channel: T→tZ(→νν)

• Resolved, partially, and fully merged top decays

13 Searches with top quarks in the final state

[CMS, JHEP 05, 93 (2022)]
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Figure 7: Distributions of the transverse mass MT of the reconstructed top quark and ~pmiss
T

system, for the selected events in the resolved categories, for events with no forward jet (left)
and at least one forward jet (right), and for 2016 (upper), 2017 (central), and 2018 (lower).
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 according to the expectation before the fit. The lines show the signal predictions
for three benchmark mass values (0.8, 1.2, and 1.6 TeV) of a T quark of negligible resonance
width. Signal yields are multiplied by a factor of 50 to improve their visibility.
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Single VLQ T→tH
‣ Use clean H→γγ decay, search for peak in mγγ spectrum

‣ Search in t→bqq’ and t→bℓν channels

‣ BDT for suppression of non-resonant and resonant SM backgrounds

14 Searches with top quarks in the final state

[CMS PAS-B2G-21-007]
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Figure 1: The BDT output distributions for data, backgrounds and signal events in the lep-
tonic and the hadronic categories: (a) Leptonic BDT trained against the SM Higgs boson back-
grounds, (b) Hadronic BDT trained against the SM Higgs boson backgrounds, and (c) Hadronic
BDT trained against the non-resonant backgrounds processes. For the leptonic category, MC-
estimated non-resonant backgrounds is normalized to the number of observed data events.
For the hadronic category, data-driven estimation has been adapted for (g) + jets backgrounds,
while all other MC samples are normalized to an integrated luminosity of 138 fb�1.

The kinematic distributions of the Higgs boson candidates are fully reconstructed from the
momenta of the photons. The kinematic distributions of the top quark candidates are however
reconstructed differently for leptonic and hadronic channels, using constraints for the event
transverse momenta conservation, and the W mass. The reconstructed top quark mass is also
used as one of the input variables for the BDTs in the hadronic channel. The candidate T0

mass, MtH is reconstructed combining the kinematic distributions of the SM top quark and the
Higgs boson candidates; however, it is not used in this search, except for reducing the potential
overlap between different T0 mass points.

The Higgs boson invariant mass (as reconstructed from the di-photon invariant mass, mgg )
is the main experimental observable for this search. Both SM Higgs boson processes and the
SM Higgs boson from the T0 are expected to peak on top of a smoothly falling mgg back-
ground distribution in the range 100 < mgg < 180 GeV. The selection criteria on the BDT
discriminants for the three different ranges of T0 mass hypothesis have been optimized sep-
arately for the leptonic and hadronic categories. The optimization includes the constraint
of having a reasonable number of events in the signal sideband regions of mgg , defined by
mgg < 115 or mgg > 135 GeV. The MtH window criterion is synchronized between leptonic
and hadronic channels. The complete list of selection criteria and the corresponding number
of events in the sideband are provided in Tab. 1.

Models of signal and SM Higgs boson background processes are created by fitting the mgg dis-
tribution from MC samples with a sum of at most five Gaussian functions, separately for each
category. An F-test [43] is performed on the signal model to find the best number of these Gaus-
sian fits to simulated the signal events. To capture any dependence of the mgg resolution on
the data-taking conditions, a separate fit is performed for each of the three data-taking periods.
The resulting three distributions are summed together (with proper scale factors accounting
for the luminosity in each year) to create the final model of the signal. Systematic uncertainties
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Figure 2: The combined distributions for data and mgg signal-plus-background model fits for
VLQ signal with MT0 of 600 GeV (left), 900 GeV (middle) and 1200 GeV (right).

signal strength, µobs/exp = sobs/exp/stheory are derived for each of the T0 mass points, using a
simultaneous maximum likelihood fit of the mgg distributions. The expected and observed up-
per limits are estimated at 95% confidence level (CL),using the asymptotic formulae [48] for the
test statistics. Finally, considering the implicit branching fractions for T0 ! tH and H ! gg
decays, the upper limits on the signal strength, µobs/exp are translated into the upper limits on
T0 production cross section as displayed in Fig. 3.
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Figure 3: Expected and observed upper limits at 95% CL on s ⇥ BR(H ! gg) after combining
the leptonic and the hadronic channels with MT0 2 [600, 1200]GeV.

A search for the vector-like quark with T0 ! tH(! gg) has been performed using 138 fb�1

of proton-proton collisions (at
p

s= 13 TeV) data recorded with the CMS detector during LHC
Run 2 (2016-2018). The search considers both the hadronic and leptonic decay modes of the top
quark and exploits Boosted Decision Trees to separate likely signal events from background
processes, including standard model Higgs boson production processes. No statistically sig-
nificant excess over the expected background prediction is observed; accordingly, T0 masses up
to 730 GeV have been excluded at 95% CL.
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Single VLQ T→tH

‣ Best sensitivity for MT’ < 1100 GeV 

‣ Excess from all-hadronic channel not confirmed

15 Searches with top quarks in the final state

[CMS PAS-B2G-21-007]
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Roman Kogler

VLQ Pair Production
TT and BB pair production

‣ Rich phenomenology

• T → bW, tZ, tH

• B → tW, bZ, bH

‣ Numerous searches profit from 
jet substructure tagging

• orthogonality: leptonic and 
hadronic channels (tags)

‣ Grand combination:  
Exclusion of  T / B below  
1.3 / 1.2 TeV at 95% CL

16 Searches with top quarks in the final state

[AT
LA

S, PR
L 121, 211801 (2018)]
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TT and BB in 1, 2 and 3ℓ+Jets
‣ Inclusive search, targeting a number of decays (tW, tZ, tH, bZ, bW)

‣ 1ℓ+3 large-R jets with DeepAK8, MLP trained for signal enhancement

‣ 2 (3)ℓ + 4 (3) small-R jets, use ST distribution

17 Searches with top quarks in the final state
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Figure 7: Distributions of ST in the multilepton signal region for eee, eeµ, eµµ, and µµµ cat-
egories (left-to-right, upper-to-lower). Data from 2017 and 2018 is shown using black mark-
ers, TT signals with mass of 1.2 (1.5) TeV in the singlet scenario using solid (dashed) lines,
and post-fit background using filled histograms. Statistical and systematic uncertainties in the
background prediction after performing the fit to data are shown by the hatched region.
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Figure 5: Distributions of the VLQ score in single-lepton categories 8–12 (left-to-right, upper-
to-lower). Observed data is shown using black markers, TT signal with mass of 1.2 (1.5) TeV in
the singlet scenario using solid (dashed) lines, and post-fit background using filled histograms.
Statistical and systematic uncertainties in the background prediction after performing the fit to
data are shown by the hatched region. Electron and muon categories have been combined with
their uncertainties added in quadrature.
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Figure 6: Distributions of H
lep
T in the same-sign dilepton signal region for ee, eµ, and µµ cate-

gories (left-to-right). Data from 2017 and 2018 is shown using black markers, TT signals with
mass of 1.2 (1.5) TeV in the singlet scenario using solid (dashed) lines, and post-fit background
using filled histograms. Statistical and systematic uncertainties in the background prediction
after performing the fit to data are shown by the hatched region.
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TT and BB in 1, 2 and 3ℓ+Jets

18 Searches with top quarks in the final state
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Figure 9: The 95% CL expected (left) and observed (right) lower limits on pair-produced T
(upper) and B (lower) quark masses as a function of the branching ratios to W and H bosons.
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Figure 9: The 95% CL expected (left) and observed (right) lower limits on pair-produced T
(upper) and B (lower) quark masses as a function of the branching ratios to W and H bosons.

pp→TT

‣ TT production: mT > 1480 GeV, independent of BR

‣ BB production: mB > 1350 GeV for B(tW) ≥ 0.2

• Dedicated search for B→bH: mB > 1570 GeV

[CMS PAS-B2G-21-011]

[CMS PRD 102, 112004 (2020)]

pp→BB

(all limits at 95% CL)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-011/index.html
https://doi.org/10.1103/PhysRevD.102.112004
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VLQs from Resonance Decays

19 Searches with top quarks in the final state

Vector-Artige Quarks und die Resonanze Z’

• VLQ: Erweiterung des SM
(4. Generation)
! keine Erweiterung mit
chiralen Quarks möglich
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• viele BSM Modelle sagen
eine neue Resonanze und
vektor-artige Quarks
vorraus
(z.B. zusammengesetztes
Higgs, schweres
farbgeladenes Gluon)
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[C. Bini et al., JHEP 1201, 157 (2012)]

tt tT
TT

No signals in tt or TT production (tb or TB)

‣ Traditional searches: No sensitivity in  
tT, bT or tB

‣ Z’ production: resonant ttZ and ttH final state

‣ W’ production: resonant tbH and tbZ final state

• Collimation depends on ratio of Z’ (W’) and VLQ masses
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W, H, Z

b, t
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[CMS EPJC 79, 208 (2019)]
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W’ → tbH or tbZ
‣ All-hadronic search for tbH or tbZ resonances

• Sensitive variable: 3-jet mass

‣ ImageTop with mass decorrelation for top tagging

‣ Double-b for H and τ21 for Z jets

20 Searches with top quarks in the final state

Anna Benecke

Heavy gauge boson and vector-like 
quarks (W’ and T/B)

13

 (graphic credit to Kevin C. Nash)

1. Introduction 1

1 Introduction

Many extensions of the standard model (SM) predict new massive charged gauge bosons [1–
3]. The W0 boson is a hypothetical heavy partner of the SM W gauge boson that could be
produced in proton-proton (pp) collisions at the CERN LHC. Searches for W0 bosons have
been most recently performed at a center-of-mass energy of 13 TeV by the CMS and ATLAS
Collaborations in the lepton-neutrino [4, 5], diboson [6, 7], and diquark [8, 9] final states. Vector-
like quarks (VLQs) are hypothetical heavy partners of SM quarks for which the left- and right-
handed chiralities transform the same way under SM gauge groups. Searches for VLQs have
been performed by the CMS and ATLAS Collaborations in both the single [10–13] and pair
produced [14–17] channels.

The decay of the W0 boson to a heavy B or T VLQ and a top or b quark, respectively, is predicted,
e.g., in composite Higgs boson models with custodial symmetry protection [18–20]. These
models stabilize the quantum corrections to the Higgs mass and preserve naturalness. The W0

branching fraction to a quark and a VLQ depends on the VLQ mass, with a maximum of 50%
in the VLQ mass range near the threshold of custodian production [21].

The analysis considers this W0 decay channel in the all hadronic final state, where the B VLQ
decays into a Higgs or Z boson and a b quark or the T VLQ decays into a Higgs or Z boson and
a top quark. Both the B and T VLQ-mediated decays result in the same signature, as can be seen
in Fig. 1. Because of the high W0 boson and VLQ masses considered in this analysis, the decay
products are highly Lorentz boosted. These boosted decay products are reconstructed as single
jets with distinct substructure, which is used in the analysis to distinguish them from SM mul-
tijet production. The SM background is dominated by events comprised of light jets produced
via the strong interaction, referred to as quantum chromodynamics (QCD) multijet events, and
top quark pair production (tt) events. These backgrounds are modeled by a combination of
Monte Carlo (MC) simulation and control regions in data. The invariant mass distribution of
the three-jet system (mtHb or mtZb) is used to set limits on the W0 boson production cross sec-
tion in the decay channel to a B or T VLQ. The data sample used in the analysis corresponds to
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In this analysis, we follow a theoretical framework where the top quark and W0 boson are su-
perpositions of elementary and composite modes, with the top degree of compositeness given
by sL, and the mixing angle of the elementary and composite W0 states given by q2 [21]. The
W0 boson in this model is produced in a Drell-Yan process, with a cross section that is inversely
proportional to cot2(q2), but low cot(q2) values tend to be dominated by the leptonic W0 boson
decay mode. High values of the sL parameter increase the relative phase space for the decay
into two VLQs, whereas low sL values enhance the W0 diboson decays. The analysis assumes

1. Introduction 1

1 Introduction

Many extensions of the standard model (SM) predict new massive charged gauge bosons [1–
3]. The W0 boson is a hypothetical heavy partner of the SM W gauge boson that could be
produced in proton-proton (pp) collisions at the CERN LHC. Searches for W0 bosons have
been most recently performed at a center-of-mass energy of 13 TeV by the CMS and ATLAS
Collaborations in the lepton-neutrino [4, 5], diboson [6, 7], and diquark [8, 9] final states. Vector-
like quarks (VLQs) are hypothetical heavy partners of SM quarks for which the left- and right-
handed chiralities transform the same way under SM gauge groups. Searches for VLQs have
been performed by the CMS and ATLAS Collaborations in both the single [10–13] and pair
produced [14–17] channels.

The decay of the W0 boson to a heavy B or T VLQ and a top or b quark, respectively, is predicted,
e.g., in composite Higgs boson models with custodial symmetry protection [18–20]. These
models stabilize the quantum corrections to the Higgs mass and preserve naturalness. The W0

branching fraction to a quark and a VLQ depends on the VLQ mass, with a maximum of 50%
in the VLQ mass range near the threshold of custodian production [21].

The analysis considers this W0 decay channel in the all hadronic final state, where the B VLQ
decays into a Higgs or Z boson and a b quark or the T VLQ decays into a Higgs or Z boson and
a top quark. Both the B and T VLQ-mediated decays result in the same signature, as can be seen
in Fig. 1. Because of the high W0 boson and VLQ masses considered in this analysis, the decay
products are highly Lorentz boosted. These boosted decay products are reconstructed as single
jets with distinct substructure, which is used in the analysis to distinguish them from SM mul-
tijet production. The SM background is dominated by events comprised of light jets produced
via the strong interaction, referred to as quantum chromodynamics (QCD) multijet events, and
top quark pair production (tt) events. These backgrounds are modeled by a combination of
Monte Carlo (MC) simulation and control regions in data. The invariant mass distribution of
the three-jet system (mtHb or mtZb) is used to set limits on the W0 boson production cross sec-
tion in the decay channel to a B or T VLQ. The data sample used in the analysis corresponds to
an integrated luminosity of 137 fb�1 [22–24] of pp collision data at

p
s = 13 TeV, recorded from

the year 2016 to 2018.

W
0

B

H,Z

b

t

1

W
0

T

H,Z

t

b

1

Figure 1: Dominant diagrams for the signal model considered in the analysis. The analysis
assumes equal branching fractions for W0 boson to tB and bT and 50% for each VLQ to qH and
qZ for the benchmark model.

In this analysis, we follow a theoretical framework where the top quark and W0 boson are su-
perpositions of elementary and composite modes, with the top degree of compositeness given
by sL, and the mixing angle of the elementary and composite W0 states given by q2 [21]. The
W0 boson in this model is produced in a Drell-Yan process, with a cross section that is inversely
proportional to cot2(q2), but low cot(q2) values tend to be dominated by the leptonic W0 boson
decay mode. High values of the sL parameter increase the relative phase space for the decay
into two VLQs, whereas low sL values enhance the W0 diboson decays. The analysis assumes

• Search for W’  VLQ + q, all-hadronic


• Sensitive variable: invariant 3 jet mass


• Bkg. estimation from data using control 
regions with a transfer function


• Using PUPPI for large-cone jets + 
imageTop-MD

→

Selection
• Trijet topology 
• Two high-mass AK8 jets and an AK4 jet 

• !!(top) > 400GeV 
• !!(H, Z) > 400GeV 
• !!(b) > 200GeV 
• ∆# > 1.2 from tagged AK8 
• DeepFlavour b tag (medium)

• $! > 1000GeV
4
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Figure 6: Reconstructed mW0 distributions (mtHb (upper), and mtZb (lower)) in the signal region
with estimated backgrounds and signal for several W0 boson mass hypotheses at the medium
VLQ mass, after a background-only fit. The combined statistical and systematic uncertainty in
the total estimated background is indicated by the hatched region. The lower panels show the
difference between the number of events observed in the data and the predicted background,
divided by the total uncertainty in the background and the statistical uncertainty in the data
added in quadrature.
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Leptoquarks
‣ Nature of possible LQs

• Model dependent

• Additional constraints from  
B(B→Kνν), ΔmBs, D(s)→μν…

• Global fits to flavour data:  
suggest at least one LQ state  
with mass O(1-3) TeV

‣ Probe the full flavour matrix!

YL,R =

0

@
0 0 0
0 Y cµ

L,R Y c⌧
L,R

0 Y tµ
L,R Y t⌧

L,R

1

A

and ℓi→νi

2

I. INTRODUCTION AND OVERVIEW

A leptoquark (LQ) is a particle with a coupling which allows it to decay to a quark (or anti-quark) and a lepton,
Fig. 1. It carries color and electric charge, and possibly also weak charges. Because of their color, leptoquarks can
be pair-produced as LQ anti-LQ pairs with large QCD cross sections. Searches based on this production mode with
subsequent decay, pp ! ��̄ ! (lq)(l̄q̄), are the subject of this paper (for single LQ production see [1]). Here � and
�̄ are the leptoquark and its antiparticle, q can be any Standard Model (SM) quark or antiquark, l is any lepton,
and q̄ and l̄ are the corresponding antiparticles. We use parenthesis to indicate which final state particles reconstruct
resonances. Our goal is to provide a simple organizing principle which makes it straightforward to systematically
search for all possible leptoquarks. The idea is that we identify a minimum set of independent final states which
must be searched for. These final states can be arranged into a 3⇥ 3 matrix which we call the “leptoquark final state
matrix”, or simply “LQ matrix”, Fig. 1. For each final state, what is needed from experiment is an upper bound
on the cross section times branching fraction as a function of LQ mass. Lower bounds on the mass of an arbitrary
leptoquark can then be obtained by calculating the theoretical cross section times branching fraction into the final
states in the LQ matrix and comparing to the experimental cross section bounds.
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FIG. 1. (left) LQ coupling to quark q and lepton l (see Appendix A for notations used in the paper). (right) LQ matrix. Each
entry of the matrix represents one of the experimentally distinguishable leptoquark decays. Rows label leptonic decay products,
columns label hadronic decay products. A more precise definition of the LQ matrix is given in the text. For a summary of
existing LHC searches corresponding to each matrix element see Sec. III.

This paper consists of two complementary parts. In Part 1, we introduce the LQ matrix and show that bounds
on the cross sections into each of the 9 final states of the matrix are both e�cient and su�cient for searching for all
possible LQs. In Part 2 we demonstrate the utility of this approach. We collect the best currently available cross
section bounds from LHC searches organized by which element of the LQ matrix they cover and use them to put
bounds on a complete set of “Minimal Leptoquark” (MLQ) models. The MLQs include scalar and vector LQs with
all possible flavor, charge, and isospin quantum numbers.

We begin with a few words on the theoretical motivation for leptoquarks. LQs are predicted in many physics
beyond the SM scenarios. Vector LQs may be related to unification, squarks automatically become scalar LQs
in supersymmetry (SUSY) with R-parity violation (RPV), and LQs arise in models in which quarks and leptons
are composites of the same underlying dynamics. Recently, additional motivation for LQs arrived from a number
of anomalies observed in B meson decays [2, 3] which could be explained in models with leptoquarks of TeV scale
masses. Leptoquarks with couplings to muons might also be relevant to the persistent anomaly in the muon anomalous
magnetic moment [4]. On the other hand, there are no convincing theoretical arguments for preferring a particular
pattern of leptoquark flavors or quantum numbers, and the experimental hints, however intriguing, may still change
or disappear. This motivates a systematic approach to search for a minimal but su�cient set of final states which can
discover LQs with arbitrary decays to quarks and leptons.

What are the possible LQ final states? By definition, a leptoquark can decay to any of the six SM quarks with
any of the three charged leptons or three neutrinos. The quarks and leptons can be particle or antiparticle and left-
or right-handed (we allow for right-handed neutrinos), corresponding to hundreds of di↵erent possibilities. However,
many of these are covered by the same searches. For example, left- and right-handed final state particles are generally
not distinguishable. Light quarks and antiquarks u, d, s, c, ū, d̄, s̄, c̄ from leptoquark decays all show up as light-jets.1

Heavy quarks, t and b can be distinguished. For leptons, we have three distinct charged leptons but neutrino flavor

1 c-tagging is not yet e�cient enough to improve leptoquark searches. We show this with an example in Sec. III A.
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Model RK(⇤) RD(⇤) RK(⇤) & RD(⇤)

S1 7⇤ X 7⇤

R2 7⇤ X 7

fR2 7 7 7

S3 X 7 7

U1 X X X

U3 X 7 7

Table 2: Summary of the LQ models which can accommodate RK(⇤) (first column), RD(⇤) (sec-

ond column), and both RK(⇤) and RD(⇤) (third column) without inducing other phenomenological

problems. The symbol 7⇤
means that the discrepancy can be alleviated, but not fully accommo-

dated. See text for details.

with findings of Ref. [45]. A slightly non-minimalistic possibility is to build a model with
two di↵erent scalar leptoquarks, as explored for S1 and S3 in Ref. [45, 70, 71], and for R2

and S3 in Ref. [68]. Note that our conclusions can also serve as a guideline for future
studies if one of the anomalies disappears.

6 Revisiting U1 = (3,1)2/3

In this Section we discuss in more detail the phenomenological status of the scenario U1.
We will use the low-energy physics observables which receive the tree-level contributions
from the U1 exchange to constrain the model parameters. We will also compare these
results with the ones deduced from the experimental bounds based on direct searches at
the LHC. Furthermore, we will make a brief comment concerning the loop e↵ects.

6.1 Low-energy constraints

To satisfy both RK(⇤) < RSM
K(⇤) and RD(⇤) > RSM

D(⇤) we will assume the following structure for
the Yukawa matrices:

xL =

0

@
0 0 0
0 xsµ

L xs⌧
L

0 xbµ
L xb⌧

L

1

A , xR = 0 , (39)

where the couplings to the first generation are set to zero in order to avoid the conflicts
with experimental limits on µ � e conversion on nuclei, the atomic parity violation and
on B(K ! ⇡⌫⌫̄). To determine the region allowed by Rexp

K(⇤) , we compare the result of the
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LQ Pair Production
‣ Dedicated searches for tτ and tμ  

as well as tνbτ
‣ Inclusive search for multilepton final states

‣ Non-resonant: no mass reconstruction

• BDTs for signal enhancement after selection

‣ mS > 1340 (te), 1420 (tμ), and 1120 (tτ) GeV at 95% CL

22 Searches with top quarks in the final state

[CMS PRL 121, 241802 (2018)]

[CMS PLB 819, 136446 (2021)]
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Figure 3: Example processes illustrating the production and decay of scalar leptoquark pairs
in pp collisions at the LHC that result in multilepton final states.

calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [92].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [93]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [94].

4 Data samples and event simulation
The total integrated luminosity recorded by CMS in pp collisions at

p
s = 13 TeV corresponds

to 138 fb�1, with 36.3, 41.5, and 59.8 fb�1 recorded in the years 2016, 2017, and 2018, respec-
tively. The data presented here are collected using a combination of isolated single-electron
(-muon) triggers with corresponding transverse momentum (pT) thresholds of 27 (24) GeV in
2016, and 32 (27) GeV in 2017, and 32 (24) GeV in 2018. The rates of signal and SM background
processes that gives rise to isolated and nondisplaced leptons are estimated from Monte Carlo
(MC) simulations, which incorporate detailed detector and pp collision properties.

The Zg, WZ, ttV, and triboson (VVV) backgrounds, where V denotes a W or Z boson, are
generated using MADGRAPH5 aMC@NLO (versions 2.2.2 for 2016 data and 2.4.2 for 2017 and
2018 data) [95] at next-to-leading order (NLO) precision in perturbative quantum chromody-
namics (QCD). The top quark mass used in all simulations is 172.5 GeV. The Zg background
includes all diagrams contributing to pp ! ``g, with photons from both initial-state radiation
(ISR) and final-state radiation (FSR), and with an invariant mass cut of m(`+`�) > 10 GeV.
The ZZ background contribution from quark-antiquark annihilation production is generated
using POWHEG 2.0 [96–98] at NLO, whereas the contribution from gluon-gluon fusion pro-
duction is generated at leading order (LO) using MCFM 7.0.1 [99]. The SM processes involving
Higgs boson production are generated using POWHEG, MADGRAPH5 aMC@NLO and JHUGEN
7.0.11 [100–103] at NLO, for a Higgs boson mass of 125 GeV. Processes with a single top quark
and a Z boson or with four top quarks are simulated using MADGRAPH5 aMC@NLO at NLO
in QCD. Other small contributions from processes involving a single top quark and an elec-
troweak or Higgs boson, two top quarks and two bosons, or three top quarks are simulated
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Summary
‣ We continue to push the boundary of sensitivity with direct searches

‣ Many more Run 2 searches in progress

‣ Consolidate local excesses with orthogonal searches and new data

‣ Run 3 data taking in progress! 

23 Searches with top quarks in the final state

Exploit the complementarity between  
direct searches and measurements (not only with EFTs)
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Additional Material
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tt Resonances
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‣ BDT for W+jet suppression

‣ CRs to constrain backgrounds
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VLQ Single Production
‣ Electroweak production can dominate for heavy VLQs 

‣ Model dependent cross section:

• Couplings (mixing parameters)

• Weak quantum numbers

‣ Signature: one forward jet and  
associated production  
with a heavy quark  

27 Searches with top quarks in the final state
Pheno 2016 2

Heavy Fermionic Partner

– Production Mechanism

● Single → Ewk

● Pair → QCD

● Very rich phenomenology 

10.1103/PhysRevD.88.094010

● Often called 'vector like quarks' - left & 
right handed couplings

● Not ruled out by Higgs

● Motivated by many theories

– Composite Higgs

– Little Higgs

– Warped extra dimensions, ...

● Extension of the SM with a 4th quark 
generation

– Preferred couplings t, b & W, H, Z

– Different multiplets & particles possible 

● T(-2/3), B(+1/3), X(+5/3), Y(-4/3)

[J.A. Aguilar-Saavedra et al., PRD 88, 094010 (2013)]

forward jet

soft quark

highly boosted decays

⎫
｜
⎬
｜
⎭
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VLQ Single Production
Single B→tW (ℓ+jets)
‣ Various decay possibilities

• Jet assignment through t tag or 𝜒2 probabilities

• VLQ mass reconstruction with ~10% resolution

‣ SM backgrounds from control region without forward jet

• Validation region: small 𝜒2 values

28 Searches with top quarks in the final state
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Resonant VLQ Production
‣ Search with Z/W/H/t tags

• Validation of efficiency and mis-identification rates

‣ Z’ reconstruction through minimum of 𝜒2 term

‣ Constrain dominant backgrounds from control regions (W+jets, tt)

29 Searches with top quarks in the final state
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The Intriguing Flavour Story
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‣ No hints for BSM effects from direct searches so far

• Never stop looking for all (im)possible signatures
1 Introduction

Over the past several years we witnessed a growing interest in theoretical studies of the ori-
gin of lepton flavor universality violation (LFUV), motivated by a number of experimental
hints in weak decays of B-mesons pointing towards LFUV. The first such indication was
reported by BaBar in Refs. [1, 2] in which they measured

RD(⇤) =
B(B ! D(⇤)⌧ ⌫̄)

B(B ! D(⇤)l⌫̄)

����
l2{e,µ}

, (1)

and found an excess in B(B ! D(⇤)⌧ ⌫̄). Since that time, Belle and LHCb measured the
same ratio [3–7] and observed a similar feature, namely that the measured Rexp

D(⇤) is larger
than RSM

D(⇤) , the value predicted in the Standard Model (SM). The most recent HFLAV
averages are [8]:

RD = 0.41(5) , RD⇤ = 0.31(2) , (2)

which, when combined, give 3.8 � excess with respect to (w.r.t.) the SM values, RSM
D =

0.300(8) [9–11], and RSM
D⇤ = 0.257(3) [12, 13]. Apart from the reduction of a significant

part of the systematic experimental errors, the advantage of considering the ratio of decay
rates lies in the fact that the Cabibbo–Kobayashi-Maskawa (CKM) factors cancel out and
in the fact that the sensitivity to hadronic uncertainties is much smaller than it is in the
case with one of the branching fractions alone B(B ! D(⇤)`⌫̄) , ` 2 {e, µ, ⌧}. Even though
a 5 � significance of LFUV in the tree-level b ! c`⌫̄ decay has not yet been reached, the
experimentalists of LHCb were able to confirm the same tendency in another hadronic
environment. They measured [14]

RJ/ =
B(Bc ! J/ ⌧⌫̄)

B(Bc ! J/ µ⌫̄)
= 0.71± 0.25 , (3)

which again appears to be ⇡ 2 � larger than its SM value.
Another indication of the LFUV came from the weak decays mediated by a flavor

changing neutral current (FCNC), b ! sl+l�. The experimentalists of LHCb measured

R
[q21 ,q

2
2 ]

K(⇤) =
B0(B ! K(⇤)µµ)

B0(B ! K(⇤)ee)
, (4)

where B0 stands for the partial branching fraction comprising q2 = (pl+ + pl�)2 between q21
and q22 (in units of GeV2). They reported [15,16]:

RK ⌘ R[1,6]
K+ = 0.75± 0.09, RK⇤ ⌘ R[1.1,6]

K⇤0 = 0.71± 0.10, R[0.045,1.1]
K⇤0 = 0.68± 0.10, (5)

which are ⇡ 2.5 � smaller than the values predicted in the SM [17]. Although the experi-
mental confirmation of these results is still lacking and the further improvement is needed
to increase the significance of the observed deviations w.r.t. the SM, the fact that the in-
dications of LFUV do not concern only the tree-level decays but also those that are in the
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(g � 2)µ

BaBar, Belle, LHCb 3.8 σ

2.0 σLHCb

LHCb −2.5 σ

E821, BNL 3.5 σ

‣ We can get inspired by existing riddles

• Anomalies in flavour data:

Consequences at high pT? 
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RD(*) and RJ/Ψ

‣ Uncertainties in SM prediction

• form factors for τ vs ℓ decay ~ mτ

• strong decay of D*
• soft photon corrections
• total: ~4-5%
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Figure 15: Experimental results on RD and RD⇤ and comparison with the SM prediction. Taken
from Ref. [17] (online update).

additional form factors).
The expressions of the di↵erential decay rates (including the angular dependence)

have been known for some time [86]. In the case of B! D⇤, it is possible to include the
subsequent decay D⇤ ! D⇡, which adds further kinematics variables (in particular the
angle between the D and D⇤ mesons – the corresponding expressions can be found in
Refs. [87–89]).

The decay rates for the heavy ⌧ lepton and the light e and µ leptons di↵er by terms
proportional to m⌧ , meaning that the ratios testing LU with these modes will involve
specific ratios of form factors (e.g. f0/f+ for the D meson, A0/V for the D⇤ meson). This
implies that the SM predictions for the ratios RD, RD⇤ and RJ/ will not be equal to 1,
and that they will rely on information concerning ratios of form factors.

• For B! D`�⌫`, the form factors were evaluated by two di↵erent lattice collabora-
tions, MILC and HPQCD [48,90]. In Ref. [91], the results were combined together
with experimental information from B factories on f+ (assuming no NP in decays
involving light leptons) that leads to very similar results for RD (but not for other
quantities like |Vcb|).

• For B! D⇤`�⌫`, the strong decay of the D⇤ meson makes the theoretical evaluations
of the form factors more complicated. In Ref. [92], these form factors were expressed
using the Heavy-Quark Expansion (HQE) supplemented with estimates of higher-
order corrections and combined with experimental results on B ! D⇤e�⌫e and
B ! D⇤µ�⌫µ, assuming that no NP is present in decays involving light leptons.
Concerns have been raised recently about HQE-based parameterisations of the
B! D(⇤)`�⌫` form factors, potentially a↵ecting the extraction of |Vcb| [93]. However,
fits using di↵erent HQE-inspired parameterisations and combining experimental
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FIG. 1. Tree-level diagrams contributing to weak decays.

and Uq (Vq) denote the rotations of the left-handed
(right-handed) fermion fields. These definitions imply

V T
CKM �L

ue = �L
d⌫Ue , (6)

which involves the CKM matrix VCKM = U †
uUd. ATLAS

and CMS have searched for pair-produced leptoquarks in
various final states. The search channels ��⇤

! µ+µ�jj
and ��⇤

! bb̄⌫⌫̄ are the most relevant ones for our anal-
ysis. The most recent ATLAS/CMS analyses exclude a
leptoquark lighter than 850 GeV/760 GeV at 95% CL,
assuming Br(� ! µj) = 0.5 [27, 28]. ATLAS also derives
a lower bound of 625 GeV assuming Br(� ! b⌫) = 1 [27].
These bounds can be weakened by reducing the branch-
ing fractions to the relevant final states.

Tree-Level Processes. The leptoquark � mediates
semileptonic B-meson decays at tree level, as shown in
the first graph of Figure 1. This gives rise to the e↵ective
Lagrangian

L
(�)
e↵ =

1

2M2
�


� �L⇤

ui`j�
L
b⌫k

ūi
L�µbL ¯̀j

L�µ⌫k
L (7)

+ �R⇤
ui`j�

L
b⌫k

✓
ūi
RbL ¯̀j

R⌫k
L �

ūi
R�µ⌫bL ¯̀j

R�µ⌫⌫k
L

4

◆�
,

where i, j, k are flavor indices. The first term generates
additive contributions to the CKM matrix elements Vub

and Vcb, which may be di↵erent for the di↵erent lepton
flavors. The second term includes novel tensor struc-
tures not present in the SM. It may help to explain why
determinations of Vub and Vcb from inclusive and exclu-
sive B-meson decays give rise to di↵erent results. Of
particular interest are the decays B̄ ! D(⇤)⌧ ⌫̄, whose
rates are found to be about 30% larger than in the
SM. A model-independent analysis of this anomaly in
the context of e↵ective operators, including the e↵ects of
renormalization-group (RG) evolution from µ = M� to
µ = mb, has been performed in [13, 17]. In the last pa-
per it was found that an excellent fit to the experimental
data is obtained for a scalar leptoquark with parameters

�L⇤
c⌧ �L

b⌫⌧
⇡ 0.35 M̂2

� , �R⇤
c⌧ �L

b⌫⌧
⇡ �0.03 M̂2

� (8)

with large and anti-correlated errors, where it was as-
sumed that the only relevant neutrino is ⌫⌧ , as only this
amplitude can interfere with the SM and hence give rise
to a large e↵ect. Throughout this letter M̂� ⌘ M�/TeV.
For a leptoquark mass near the TeV scale, these con-
ditions can naturally be satisfied with O(1) left-handed

and somewhat smaller right-handed couplings. We will
ignore the three other fit solutions found in [17], since
they require significantly larger couplings.

Our model also gives rise to tree-level flavor-changing
neutral currents (FCNCs), some examples of which are
shown in Figure 1. Particularly important for our anal-
ysis are the rare decays B̄ ! K̄⌫⌫̄ and D0

! µ+µ�.
The e↵ective Lagrangian for B̄ ! K̄(⇤)⌫⌫̄ as well as the
corresponding inclusive decay reads

L
(�)
e↵ =

1

2M2
�

�L⇤
s⌫i

�L
b⌫j

s̄L�µbL ⌫̄i
L�µ⌫j

L . (9)

Apart from possibly di↵erent neutrino flavors, this in-
volves the same operator as in the SM. It follows that
the ratio R⌫⌫̄ = �/�SM for either the exclusive or the
inclusive decays is given by

R(�)
⌫⌫̄ = 1 �

2r

3
Re

�
�L�L†�

bs

VtbV ⇤
ts

+
r2

3

�
�L�L†�

bb

�
�L�L†�

ss��VtbV ⇤
ts

��2
,

(10)
where

�
�L�L†�

bs
=

P
i �

L
b⌫i

�L⇤
s⌫i

etc., and

r =
s4W
2↵2

1

X0(xt)

m2
W

M2
�

⇡
1.91

M̂2
�

. (11)

Here X0(xt) = xt(2+xt)
8(xt�1) + 3xt(xt�2)

8(1�xt)2
ln xt ⇡ 1.48 with xt =

m2
t/m2

W denotes the SM loop function, and s2W = 0.2313
is the sine squared of the weak mixing angle. Currently
the strongest constraint arises from upper bounds on the
exclusive modes B�

! K�⌫⌫̄ and B�
! K⇤�⌫⌫̄ ob-

tained by BaBar [29] and Belle [30], which yield R⌫⌫̄ <
4.3 and R⌫⌫̄ < 4.4 at 90% CL [31]. Using the Schwarz
inequality, we then obtain from (10)

� 1.20 M̂2
� < Re

�
�L�L†�

bs

VtbV ⇤
ts

< 2.25 M̂2
� . (12)

The FCNC process D0
! µ+µ� can arise at tree level

in our model. Neglecting the SM contribution, which is
two orders of magnitude smaller than the current exper-
imental upper bound, we find the decay rate

� =
f2
D m3

D

256⇡M4
�

✓
mD

mc

◆2

�µ

"
�2
µ

���L
cµ�R⇤

uµ � �R
cµ�L⇤

uµ

��2 (13)

+

�����
L
cµ�R⇤

uµ+�R
cµ�L⇤

uµ +
2mµmc

m2
D

�
�L
cµ�L⇤

uµ+�R
cµ�R⇤

uµ

�����
2
#
,

where fD = 212(1) MeV [32] is the D-meson decay con-
stant and �µ = (1 � 4m2

µ/m2
D)1/2. We use the running

charm-quark mass mc ⌘ mc(M�) ⇡ 0.54 GeV to prop-
erly account for RG evolution e↵ects up to the high scale
M� ⇠ 1 TeV. Assuming that either the mixed-chirality
or the same-chirality couplings dominate, we derive from
the current experimental upper limit Br(D0

! µ+µ�) <
7.6 · 10�9 (at 95% CL) [33] the bounds

q���L
cµ

��2���R
uµ

��2 +
���R

cµ

��2���L
uµ

��2 < 1.2 · 10�3 M̂2
� ,

���L
cµ�L⇤

uµ + �R
cµ�R⇤

uµ

�� < 0.051 M̂2
� .

(14)

Possible BSM  
contribution from LQs

LQ couplings 
tree-level:  bτ, cν, cτ, bν
loop:         tτ, sν,  sτ, tν

SM weak decay

[Bauer, Neubert, PRL 116, 141802 (2016)]
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RK(*)

‣ Hadronic effects negligible 
- except with LFUV, then could have an effect

‣ LHCb measurements below SM by 2.1 - 2.6σ

[q12,q22]

3

Compared with [34] we obtain a stronger bound on the
mixed-chirality couplings, because we include RG evolu-
tion e↵ects of the charm-quark mass. On the other hand,
a stronger bound (by about a factor 3) than ours on the
same-chirality couplings can be derived from the decay
D+

! ⇡+µ+µ� [34, 35]. A comprehensive analysis of
other rare charm processes along the lines of these ref-
erences is left for future work. Note that relations (8),
(12) and (14) can naturally be satisfied assuming hier-
archical matrices with O(1) entries for the left-handed
couplings and an overall suppression of right-handed cou-
plings. Such a suppression is technically natural, since
the right-handed couplings arise from a di↵erent opera-
tor in the Lagrangian (4).

Loop-Induced Processes. Earlier this year, LHCb has
reported a striking departure from lepton universality in
the ratio RK in (2) [18]. Leptoquarks can provide a nat-
ural source of flavor universality violation, because their
couplings to fermions are not governed by gauge sym-
metries, see e.g. [36, 37]. A model-independent analysis
of this observable was presented in [38–40], while global
fits combining the data on RK with other observables
in b ! s`+`� transitions (in particular angular distri-
butions in B̄ ! K̄⇤µ+µ�) were performed in [23–26].
The authors of [38–40] also studied leptoquark models,
in which contributions to RK arise at tree level. In this
case the leptoquark mass is expected to be outside the
reach for discovery at the LHC, unless the relevant cou-
plings are very small. In our model e↵ects on RK arise
first at one-loop order from diagrams such as those shown
in Figure 2, while we do not find any contributions from
flavor-changing � and Z penguins. Working in the limit
where M2

� � m2
t,W , we obtain for the contributions to

the relevant Wilson coe�cients in the basis of [38]

Cµ(�)
LL =

m2
t

8⇡↵M2
�

���L
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��2

�
1

64⇡↵

p
2

GFM2
�
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VtbV ⇤
ts

�
�L†�L

�
µµ

,

Cµ(�)
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m2
t

16⇡↵M2
�

���R
tµ

��2


ln
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�

m2
t

� f(xt)

�

�
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64⇡↵

p
2

GFM2
�

�
�L�L†�

bs

VtbV ⇤
ts

�
�R†�R

�
µµ

,

(15)

where mt ⌘ mt(mt) ⇡ 162.3 GeV is the top-quark mass
and f(xt) = 1 + 3

xt�1

�
ln xt
xt�1 � 1

�
⇡ 0.47. Analogous

expressions hold for b ! se+e� transitions. The first
term in each expression arises from the four mixed W– �
box graphs. Relation (6) ensures that the sum of these
diagrams is gauge invariant. Importantly, these terms
inherit the CKM and GIM suppression factors of the
SM box diagrams. The remaining terms result from the
box diagram containing two leptoquarks. A good fit to
the data can be obtained for �1.5 < Cµ

LL < �0.7 and
Cµ

LR ⇡ 0 at µ ⇠ M�, assuming that new physics only
a↵ects the muon mode – the “one-operator benchmark
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FIG. 2. Loop graphs contributing to b ! sµ+µ� transitions.

point” considered in [38]. In this letter we concentrate
on this benchmark point for simplicity. Interestingly, the
global fit to all b ! s`+`� data is also much improved for
Cµ

LL ⇡ �1 and Cµ
LR ⇡ 0 [23–26], and even the slight devi-

ation in the ratio Br(Bs ! µ+µ�)/Br(Bs ! µ+µ�)SM =
0.79 ± 0.20 seen in the combination of LHCb [41] and
CMS [42] measurements can be explained. These ob-
servations yield further evidence for the suppression of
right-handed leptoquark couplings compared with left-
handed ones. We will see below that such a pattern is
also required by purely leptonic rare processes.

The contributions from mixed W– � box graphs in (15)
are controlled by the couplings of the leptoquark to top-
quarks and muons. These terms are predicted to be pos-
itive in our model and hence alone they cannot explain
the RK anomaly. The contributions from the box graph
with two internal leptoquarks are thus essential to repro-
duce the benchmark value Cµ

LL ⇡ �1. This requires

X

i

���L
uiµ

��2 Re

�
�L�L†�

bs

VtbV ⇤
ts

� 1.74
���L

tµ

��2 ⇡ 12.5 M̂2
� . (16)

The analogous combination of right-handed couplings
should be smaller, so as to obtain Cµ

LR ⇡ 0. Combin-
ing (16) with the upper bound in (12) yields

s
���L

uµ

��2 +
���L

cµ

��2 +

✓
1 �

0.77

M̂2
�

◆���L
tµ

��2 > 2.36 , (17)

where the top contribution is suppressed for the lep-
toquark masses we consider. In order to reproduce
Cµ

LL = �0.7 or �1.5 instead of the benchmark value �1,
the right-hand side of this bound must be replaced by 2.0
or 2.9, respectively. The above condition can naturally be
satisfied with a large generation-diagonal coupling �L

cµ.

The ratio (�L�L†)bs/(VtbV ⇤
ts) in (16) can also be con-

strained by the existing measurements of the Bs � B̄s

mixing amplitude. In our model the new-physics con-
tribution arises from box diagrams containing two lep-
toquarks, which generate the same operator as in the
SM. It is thus useful to follow the suggestion of the
UTfit Collaboration and define the ratio CBs e2i�Bs ⌘

hBs|H full
e↵ |B̄si/hBs|HSM

e↵ |B̄si [43]. We obtain

C(�)
Bs

e2i�
(�)
Bs = 1 +

1

g4S0(xt)

m2
W
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�
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VtbV ⇤
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#2

, (18)

where g =
p

4⇡↵/sW is the SU(2) gauge coupling, and

S0(xt) = 4xt�11x2
t+x3

t
4(1�xt)2

�
3x3

t ln xt

2(1�xt)3
⇡ 2.30 is the loop
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Figure 21: Summary of the R
K(⇤) measurements performed at the B-factories and by the LHCb

experiment. Results are presented using di↵erent coloured markers. The (yellow) vertical line
corresponds to the SM prediction.

Observable Ref. [123] Ref. [124] Ref. [125] Ref. [107]

RK (1.0 < q2 < 6.0 GeV2/c4) 1.00 ± 0.01 1.0004+0.0008
�0.0007 — 1.000 ± 0.010

RK⇤ (0.045 < q2 < 1.1 GeV2/c4) 0.92 ± 0.02 0.920+0.007
�0.006 0.9259 ± 0.0041 0.906 ± 0.028

RK⇤ (1.1 < q2 < 6.0 GeV2/c4) 1.00 ± 0.01 0.996+0.002
�0.002 0.9965 ± 0.0006 1.000 ± 0.010

Table 11: SM predictions for the RHs LU ratios.

be 2.6 � and 2.1–2.5 � lower than the SM expectation (Fig. 21), respectively [65, 70]. The
BaBar and Belle measurements, which have a more limited precision, are found to be
in agreement with the SM expectation. Significant deviations with respect to the SM
predictions would indicate a violation of LU that cannot be due to hadronic e↵ects, as
these would impact in the same way b! s µ+µ� and b! s e+e� transitions. Such e↵ects,
however, are particularly relevant in regard to the deviations observed in b! s µ+µ�

alone, where there is an ongoing discussion concerning the size of hadronic e↵ects (see
Sec. 8.1.2). It is sometimes stated that RHs observables have always limited hadronic
uncertainties, but this statement must be modulated. More specifically, the hadronic
uncertainties remain small as long as there are no significant LU-violating e↵ects. If these
are present, interferences between LU-violating and conserving contributions may spoil
the cancellation of hadronic uncertainties. These e↵ects might come from NP or from
lepton-mass e↵ects in the SM. The latter are only important at low q2, wherever m2

`
/q2

is not small compared to 1 (e.g. below q2 ⇠ 1 GeV2/c4), and a↵ect in particular the first
measured bin in RK⇤ . In this bin one thus expects larger theoretical uncertainties than in
the region above 1 GeV2/c4, as well as at any value of q2 in the presence of LU-violating
NP [117,126].
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FIG. 1. Tree-level diagrams contributing to weak decays.

and Uq (Vq) denote the rotations of the left-handed
(right-handed) fermion fields. These definitions imply

V T
CKM �L

ue = �L
d⌫Ue , (6)

which involves the CKM matrix VCKM = U †
uUd. ATLAS

and CMS have searched for pair-produced leptoquarks in
various final states. The search channels ��⇤

! µ+µ�jj
and ��⇤

! bb̄⌫⌫̄ are the most relevant ones for our anal-
ysis. The most recent ATLAS/CMS analyses exclude a
leptoquark lighter than 850 GeV/760 GeV at 95% CL,
assuming Br(� ! µj) = 0.5 [27, 28]. ATLAS also derives
a lower bound of 625 GeV assuming Br(� ! b⌫) = 1 [27].
These bounds can be weakened by reducing the branch-
ing fractions to the relevant final states.

Tree-Level Processes. The leptoquark � mediates
semileptonic B-meson decays at tree level, as shown in
the first graph of Figure 1. This gives rise to the e↵ective
Lagrangian

L
(�)
e↵ =

1

2M2
�


� �L⇤

ui`j�
L
b⌫k

ūi
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L�µ⌫k
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✓
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ūi
R�µ⌫bL ¯̀j

R�µ⌫⌫k
L

4

◆�
,

where i, j, k are flavor indices. The first term generates
additive contributions to the CKM matrix elements Vub

and Vcb, which may be di↵erent for the di↵erent lepton
flavors. The second term includes novel tensor struc-
tures not present in the SM. It may help to explain why
determinations of Vub and Vcb from inclusive and exclu-
sive B-meson decays give rise to di↵erent results. Of
particular interest are the decays B̄ ! D(⇤)⌧ ⌫̄, whose
rates are found to be about 30% larger than in the
SM. A model-independent analysis of this anomaly in
the context of e↵ective operators, including the e↵ects of
renormalization-group (RG) evolution from µ = M� to
µ = mb, has been performed in [13, 17]. In the last pa-
per it was found that an excellent fit to the experimental
data is obtained for a scalar leptoquark with parameters

�L⇤
c⌧ �L

b⌫⌧
⇡ 0.35 M̂2

� , �R⇤
c⌧ �L

b⌫⌧
⇡ �0.03 M̂2

� (8)

with large and anti-correlated errors, where it was as-
sumed that the only relevant neutrino is ⌫⌧ , as only this
amplitude can interfere with the SM and hence give rise
to a large e↵ect. Throughout this letter M̂� ⌘ M�/TeV.
For a leptoquark mass near the TeV scale, these con-
ditions can naturally be satisfied with O(1) left-handed

and somewhat smaller right-handed couplings. We will
ignore the three other fit solutions found in [17], since
they require significantly larger couplings.

Our model also gives rise to tree-level flavor-changing
neutral currents (FCNCs), some examples of which are
shown in Figure 1. Particularly important for our anal-
ysis are the rare decays B̄ ! K̄⌫⌫̄ and D0

! µ+µ�.
The e↵ective Lagrangian for B̄ ! K̄(⇤)⌫⌫̄ as well as the
corresponding inclusive decay reads

L
(�)
e↵ =

1

2M2
�

�L⇤
s⌫i

�L
b⌫j

s̄L�µbL ⌫̄i
L�µ⌫j

L . (9)

Apart from possibly di↵erent neutrino flavors, this in-
volves the same operator as in the SM. It follows that
the ratio R⌫⌫̄ = �/�SM for either the exclusive or the
inclusive decays is given by

R(�)
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where
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etc., and
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s4W
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m2
W

M2
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⇡
1.91

M̂2
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. (11)

Here X0(xt) = xt(2+xt)
8(xt�1) + 3xt(xt�2)

8(1�xt)2
ln xt ⇡ 1.48 with xt =

m2
t/m2

W denotes the SM loop function, and s2W = 0.2313
is the sine squared of the weak mixing angle. Currently
the strongest constraint arises from upper bounds on the
exclusive modes B�

! K�⌫⌫̄ and B�
! K⇤�⌫⌫̄ ob-

tained by BaBar [29] and Belle [30], which yield R⌫⌫̄ <
4.3 and R⌫⌫̄ < 4.4 at 90% CL [31]. Using the Schwarz
inequality, we then obtain from (10)

� 1.20 M̂2
� < Re

�
�L�L†�

bs

VtbV ⇤
ts

< 2.25 M̂2
� . (12)

The FCNC process D0
! µ+µ� can arise at tree level

in our model. Neglecting the SM contribution, which is
two orders of magnitude smaller than the current exper-
imental upper bound, we find the decay rate
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where fD = 212(1) MeV [32] is the D-meson decay con-
stant and �µ = (1 � 4m2

µ/m2
D)1/2. We use the running

charm-quark mass mc ⌘ mc(M�) ⇡ 0.54 GeV to prop-
erly account for RG evolution e↵ects up to the high scale
M� ⇠ 1 TeV. Assuming that either the mixed-chirality
or the same-chirality couplings dominate, we derive from
the current experimental upper limit Br(D0

! µ+µ�) <
7.6 · 10�9 (at 95% CL) [33] the bounds

q���L
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��2���R
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��2 +
���R
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��2���L
uµ

��2 < 1.2 · 10�3 M̂2
� ,

���L
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cµ�R⇤
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�� < 0.051 M̂2
� .

(14)
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of SM prediction
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(g−2)μ

‣ About 3σ deviation, depending on  
Δαhad (e+e− or τ decays)

‣ LQ couplings loop-induced: tμ
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6 What about aµ then ?

The time evolution of the prediction of aµ with
the availability of experimental results of increas-

[D. Bernard, arXiv: 1607.07181]4

function for the SM box diagram. The values obtained
from the global fit are CBs = 1.052 ± 0.084 and �Bs =
(0.72±2.06)�, which when interpreted as a measurement
of leptoquark parameters gives

�
�L�L†�

bs

VtbV ⇤
ts

⇡ (1.87 + 0.45i) M̂� . (19)

Note that for M� . 1 TeV the central value of the real
part of this ratio is close to the upper bound obtained
in (12). At 90% CL the real part can be as large as
3.6 M̂�, while the phase becomes undetermined. As long
as M� < 1.6 TeV, the upper bound on the real part is
thus somewhat weaker than the one obtained from (12).
It is interesting that to reproduce the benchmark value
Cµ

LL ⇡ �1 we need a value of (�L�L†)bs close to the upper
bound in (16) and close to the central value in (19). Our
model thus predicts that the B̄ ! K̄(⇤)⌫⌫̄ decay rates
are enhanced compared with the SM, and that future
measurements should find a new-physics contribution to
Bs�B̄s mixing close to the current best fit value.

Leptoquark contributions to the dipole coe�cient C7�

mediating B̄ ! Xs� decays result in

C7� = CSM
7� +

✓
v

12M�

◆2
�
�L�L†�

bs

VtbV ⇤
ts

. (20)

Relation (12) implies that the corresponding change in
the B̄ ! Xs� branching ratio is less than about 1% and
thus safely below the experimental bound.

Further constraints on the leptoquark couplings enter-
ing (17) arise from LEP measurements of the Z-boson
partial widths into leptons. In particular, we find for the
one-loop corrections to the Zµµ̄ couplings

gµA = gµ,SMA ±
3
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where the upper (lower) sign refers to A = L (R). For
simplicity we have set m2

Z/(4m2
t ) ! 0 in the top contri-

bution, which numerically is a good approximation. We
require that the Z ! µ+µ� partial width agrees with its
SM value within 2� of its experimental error. Assum-
ing that the left-handed couplings are larger than the
right-handed ones, and that a single coupling combina-
tion dominates, we obtain

q���L
cµ

��2 +
���L

uµ

��2 <
3.24 M̂�

b1/2cu

,
���L

tµ

�� <
1.22 M̂�

b1/2t

, (22)

where bcu = 1+0.39 ln M̂� and bt = 1+0.76 ln M̂�. The
first relation is compatible with the bound (17) as long
as M� > 0.67 TeV.
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FIG. 3. Loop diagrams contributing to (g�2)µ and ⌧ ! µ�.

The couplings of the muon to up-type quarks, which
enter in (15), also contribute to the muon anomalous
magnetic moment aµ = (g � 2)µ/2 and the rare decay
⌧ ! µ�. In our model, new-physics contributions to
these quantities arise from the one-loop vertex correc-
tions shown in Figure 3. Working in the limit where
M2

� � m2
t , we obtain in agreement with [44–46]

a(�)
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X

q=t,c

mµmq
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+
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�R†�R

�
µµ

i
,

(23)

where mq ⌘ mq(mq) are running quark masses. The
present experimental value of aµ di↵ers from the SM pre-
diction by (287± 80) · 10�11 [47]. The last term above is
negative and thus of wrong sign, however it is suppressed
by the small muon mass. Assuming the worst case, where
the first bound in (22) is saturated, this term contributes
approximately �37 · 10�11. To reproduce the observed
value in our model, we must then require that (we use
mc ⇡ 1.275 GeV)

ac Re
�
�R
cµ�L⇤

cµ

�
+ 20.7at Re

�
�R
tµ�L⇤

tµ

�
⇡ 0.08 M̂2

� , (24)

where at = 1 + 1.06 ln M̂� and ac = 1 + 0.17 ln M̂�. As-
suming hierarchical coupling matrices and a suppression
of right-handed couplings compared with left-handed
ones, as mentioned earlier, both terms on the left-handed
side can naturally be made of the right magnitude to
explain the anomaly. We stress that aµ is the only ob-
servable studied in this letter which requires a non-zero
right-handed coupling of the leptoquark. For example,
if (17) is satisfied with |�L

cµ| ⇠ 2.4, the aµ anomaly can
be explained with |�R

cµ| ⇠ 0.03. The leptoquark contri-
bution to aµ is tightly correlated with one-loop radiative
corrections to the masses of the charged leptons. Rela-
tion (24) ensures that these corrections stay well inside
the perturbative regime. The Wilson coe�cients of the
dipole operators mediating the radiative decay ⌧ ! µ�
are given by expressions very closely resembling those
in (23) [45, 48]. From the current experimental bound
Br(⌧ ! µ�) < 4.4 · 10�8 at 90% CL [49], we obtain
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c⌧�
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tµ � 0.015

�
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�
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(25)
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LQ Pair → νν+bb(qq)
‣ Reinterpretation of SUSY MT2 sbottom search
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Mass exclusions 

scalar  LQs → bν: 1.1 TeV 
vector LQs → bν: 1.8 TeV

scalar  LQs → tν: 1.0 TeV 
vector LQs → tν: 1.8 TeV

Relevant for RD(*) and RK(*)
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LQ Pair → ττ+tt

LQ

t

τ
Background estimation  
through ID inversion

Reconstruct top decay:
ptT sensitive to mLQ 

‣ Cat A:  ℓ + 2τh + jets 
Sensitivity for low mLQ

‣ Cat B:  ℓ + τh + jets 
Sensitivity for high mLQ

[CMS, EPJC 78, 707 (2018)]10
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Figure 4: Distributions of p
t
T for events in the electron channel passing the full selection in

category A. The events are separated into OS (upper), SS (lower), low ST (left) and high ST
(right) categories. The hatched areas represent the total uncertainties of the SM background. In
the bottom panel, the ratio of data to SM background is shown together with statistical (dark
gray) and total (light gray) uncertainties of the total SM background.
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Figure 4: Distributions of p
t
T for events in the electron channel passing the full selection in

category A. The events are separated into OS (upper), SS (lower), low ST (left) and high ST
(right) categories. The hatched areas represent the total uncertainties of the SM background. In
the bottom panel, the ratio of data to SM background is shown together with statistical (dark
gray) and total (light gray) uncertainties of the total SM background.
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LQ Pair → μμ+tt
‣ Up to 4 leptons in final state

• two signal regions: 2μ+ℓ+jets and 2μ+jets

reconstruct MLQ measure ST

⎧ ｜ ⎨ ｜ ⎩⎧ ｜ ⎨ ｜ ⎩

[CMS, PRL 121, 241802 (2018)]
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[CMS, PRL 121, 241802 (2018)]Combination
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Figure 5. Leading order Feynman diagrams for the t-channel S3 and R̃2 exchanges in pp ! ⌧
+
⌧
�

process. The red vertex indicates the presence of the |Vus| Cabibbo suppression in the coupling.

contributions may come from the processes with incoming strange quarks ss̄ ! ⌧
+
⌧
� and

sb̄ (bs̄) ! ⌧
+
⌧
�, followed by sub-leading contributions from bottom, charm and up quark

initiated processes bb̄ (cc̄) (uū) ! ⌧
+
⌧
�. The flavor structure in Eq. (2.2) also allows for

S
1/3
3 to couple to u and ⌧ via the CKM mixing. Nevertheless, this coupling is proportional

to |Vus| ys⌧ , meaning that ⌧⌧ production from incoming up quarks is Cabibbo suppressed
leading to negligible cross-sections of order |Vus|2 and |Vus|4 for the processes cū ! ⌧

+
⌧
�

and uū ! ⌧
+
⌧
�, respectively. The Cabibbo suppressed vertices are shown in red in Feyn-

man diagrams of Fig. 5. On the other hand, at high-x the large proton PDF of the valence
up quark in the process uc̄ ! ⌧

+
⌧
� can marginally compensate for the |Vus| suppression in

the amplitude giving a contribution comparable to cc̄ ! ⌧
+
⌧
� in the total cross-section.

We now focus on the total cross-section �
fid

TOT
of pp ! ⌧

+
⌧
� far from the Z-pole in the

high-mass tails of the ⌧⌧ invariant mass distribution. We will, for definiteness, study the
scenario where only S3 contributes to ⌧⌧ production. The couplings of R̃2 are assumed to
be small and can thus be safely neglected for this collider study. This is in accordance with
the outcome of the numerical study presented in Sec. 5.2.

At leading-order (LO), ⌧⌧ production will receive contributions from the t-channel
exchange of S3, from the s-channel SM Drell-Yan pp ! Z/�

⇤ ! ⌧⌧ production, and from
interference effects between these processes. The high-mass kinematic region is defined by
the following fiducial cuts on the final states: pT > 100GeV (50GeV) for the leading (sub-
leading) ⌧ and a high invariant mass cut for the ⌧⌧ pair of m⌧⌧ > 600GeV. We define the
signal strength µpp!⌧⌧ as the ratio of �fid

TOT
with the the SM Drell-Yan fiducial cross-section

�
fid

SM
:

µpp!⌧⌧ ⌘ �
fid

TOT /�
fid

SM = 1 + �
fid

LQ /�
fid

SM . (6.2)

Here the fiducial cross-section �
fid

LQ
includes all NP contributions from both the LQ squared

and LQ-SM interference amplitudes, i.e., �
fid

LQ
= 2Re(A⇤

SM
ALQ) + |ALQ|2. The ratio

�
fid

LQ
/�

fid

SM
quantifies the NP deviation of the total fiducial cross-section from the expected

SM prediction. The LQ Yukawa couplings enter in �
fid

LQ
as
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