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[ATLAS, Science 338 (2012) 1576; similar results & plots by CMS]
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MW measurement by CDF
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(6.5 MeV) and track momentum (2.3 MeV),
on the z coordinate measured in the COT
(0.8 MeV), and on QED radiative corrections
(3.1 MeV). Measurements of the Z boson
mass using the dielectron track momenta,
and comparisons of mass measurements using
radiative and nonradiative electrons, provide
consistent results. The final calibration of the
electron energy is obtained by combining the
E/p-based calibration with the Z → eeð Þmass-
based calibration, taking into account the cor-
related uncertainty on the radiative corrections.
The spectator partons in the proton and

antiproton, as well as the additional (≈3) p!p
interactions in the same collider bunch cross-
ing, contribute visible energy that degrades
the resolution of u

→
. These contributions are

measured from events triggered on inelastic
p!p interactions and random bunch cross-
ings, reproducing the collision environment
of theW and Z boson data. Because there are
no high-pT neutrinos in the Z boson data, the
p
→
T imbalance between thep

→‘‘

T andu
→
inZ → ‘‘

events is used to measure the calorimeter
response to, and resolution of, the initial-
state QCD radiation accompanying boson
production. The simulation of the recoil vector
u
→
also requires knowledge of the distribution of

the energy flow into the calorimeter towers
impacted by the leptons, because these towers
are excluded from the computation of u

→
. This

energy flow ismeasured from theW boson data
using the event-averaged response of towers
separated in azimuth from the lepton direction.

Extracting the W boson mass

Kinematic distributions of background events
passing the event selection are included in
the template fits with their estimated nor-
malizations. The W boson samples contain a
small contamination of background events
arising from QCD jet production with a hadron
misidentified as a lepton, Z → ‘‘ decays with
only one reconstructed lepton,W → tn→ ‘n!nn,
pion and kaon decays in flight to muons (DIF),

and cosmic-ray muons (t, tau lepton; !n, anti-
neutrino). The jet, DIF, and cosmic-ray back-
grounds are estimated from control samples
of data, whereas the Z → ‘‘ and W → tn
backgrounds are estimated from simulation.
Background fractions for the muon (electron)
datasets are evaluated to be 7.37% (0.14%)
from Z → ‘‘ decays, 0.88% (0.94%) from
W → tn decays, 0.01% (0.34%) from jets,
0.20% from DIF, and 0.01% from cosmic rays.
The fit results (Fig. 4) are summarized in

Table 1. The MW fit values are blinded during
analysis with an unknown additive offset in the
range of−50 to 50MeV, in the samemanner as,
but independent of, the value used for blinding
the Z bosonmass fits. As the fits to the different
kinematic variables have different sensitivities
to systematic uncertainties, their consistency
confirms that the sources of systematic uncer-
tainties are well understood. Systematic uncer-
tainties, propagated by varying the simulation
parameters within their uncertainties and re-
peating the fits to these simulated data, are
shown in Table 1. The correlated uncertainty in
the mT (p‘T , pnT ) fit between the muon and

electron channels is 5.8 (7.9, 7.4)MeV. Themass
fits are stable with respect to variations of the
fitting ranges.
Simulated experiments are used to evaluate

the statistical correlations between fits, which
are found to be 69% (68%) between mT and
p‘T (p

n
T) fit results and 28% between p‘

T and pnT
fit results (43). The six individual MW results
are combined (including correlations) by
means of the best linear unbiased estimator
(66) to obtain MW ¼ 80;433:5 T 9:4MeV ,
with c2/dof = 7.4/5 corresponding to a prob-
ability of 20%. The mT, p‘

T, and pn
T fits in the

electron (muon) channel contribute weights
of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
(9.5%), respectively. The combined result is
shown in Fig. 1, and its associated systematic
uncertainties are shown in Table 2.

Discussion

The dataset used in this analysis is about four
times as large as the one used in the previous
analysis (41, 43). Although the resolution of the
hadronic recoil is somewhat degraded in the
new data because of the higher instantaneous
luminosity, the statistical precision of themea-
surement fromthe larger sample is still improved
by almost a factor of 2. To achieve a commen-
surate reduction in systematic uncertainties, a
number of analysis improvements have been
incorporated, as described in table S1. These im-
provements are based on using cosmic-ray and
collider data inwaysnot employedpreviously to
improve (i) the COT alignment and drift model
and the uniformity of the EM calorimeter re-
sponse, and (ii) the accuracy and robustness of
the detector response and resolution model in
the simulation. Additionally, theoretical inputs
to the analysis have been updated. Upon incor-
porating the improved understanding of PDFs
and track reconstruction, our previousmeasure-
ment is increased by 13.5MeV to 80,400.5MeV;
the consistency of the latter with the new mea-
surement is at the percent probability level.
In conclusion, we report a new measure-

ment of theW bosonmass with the complete
dataset collected by the CDF II detector at the
Fermilab Tevatron, corresponding to 8.8 fb−1

of integrated luminosity. This measurement,
MW ¼ 80;433:5 T 9:4MeV, is more precise
than all previous measurements ofMW com-
bined and subsumes all previous CDF mea-
surements from 1.96-TeV data (38, 39, 41, 43).
A comparison with the SM expectation of
MW ¼ 80;357 T 6MeV (10), treating the quoted
uncertainties as independent, yields a differ-
ence with a significance of 7.0s and suggests
the possibility of improvements to the SM
calculation or of extensions to the SM. This
comparison, along with past measurements, is
shown in Fig. 5. Using the method described
in (45), we obtain a combined Tevatron (CDF
and D0) result of MW ¼ 80;427:4 T 8:9MeV.
Assuming no correlation between the Tevatron
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Table 2. Uncertainties on the combined
MW result.

Source Uncertainty (MeV)

Lepton energy scale 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton energy resolution 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy scale 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy resolution 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton efficiency 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton removal 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Backgrounds 3.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pZT model 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pWT =p
Z
T model 1.3

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Parton distributions 3.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

QED radiation 2.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

W boson statistics 6.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Total 9.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Fig. 5. Comparison of this CDF
II measurement and past MW

measurements with the SM
expectation. The latter includes
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum
corrections, as well as the
uncertainty (4 MeV) from other
global measurements used as
input to the calculation, such as
mt. c, speed of light in a vacuum.
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[Behring et al., 2103.02671]

With 4 times more data CDF manages 
to measure MW with an uncertainty that 
is improved by a factor of almost 9. 
Measurement shows a 7.0σ deviation 
with Standard Model (SM) value
[CDF, Science 376 (2022) 6589]

Unlike Higgs discovery, CDF extraction   
of MW relies (a lot) on theory. Theory good 
enough to claim O(10 MeV) errors? 
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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �

7

+ order 100 other observables

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.

19

[LHCb, 1705.05802; 2003.04831; …; global fits by many theorists]
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Scenarios with two Wilson coef�cients
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flavio
LFU obs. & Bs ! µµ 1�, 2�

b ! sµµ 1�, 2�

rare B decays 1�, 2�

WET at �.8 GeV

I Global �t in Cbsµµ
� -Cbsµµ

�� plane prefers
negative Cbsµµ

� = �Cbsµµ
��

I Tension between �ts to b ! sµµ
observables and RK & RK⇤ could be
reduced by LFU contribution to C�

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� ��/��

[Altmannshofer & Stangl, 2103.13370]

All b → s data coherently point to 
well-defined non-SM contributions    
of short-distance origin

Global significance amounts to 3.9σ 
for any kind of heavy new physics, if 
only theoretically clean observables 
are considered
[Lancierini et al., 2104.05631]

Flavor anomalies 



6

Scenarios with two Wilson coef�cients

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0

Cbsµµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

C
bs

µ
µ

10

flavio
LFU obs. & Bs ! µµ 1�, 2�

b ! sµµ 1�, 2�

rare B decays 1�, 2�

WET at �.8 GeV

I Global �t in Cbsµµ
� -Cbsµµ

�� plane prefers
negative Cbsµµ

� = �Cbsµµ
��

I Tension between �ts to b ! sµµ
observables and RK & RK⇤ could be
reduced by LFU contribution to C�
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[Altmannshofer & Stangl, 2103.13370]

All b → s data coherently point to 
well-defined non-SM contributions    
of short-distance origin

Global significance amounts to 3.9σ 
for any kind of heavy new physics, if 
only theoretically clean observables 
are considered
[Lancierini et al., 2104.05631]

While flavor anomalies may have similar significance than data that led to 
Higgs discovery, there are at least two important differences. First, Higgs has 
been discovered by two independent experiments & second Higgs has been 
detected by observing a resonance in two different final states. Case of flavor 
anomalies would be significantly stronger IMHO, if ATLAS/CMS would also 

see hints of them, in best-case scenario by finding a bump in a high-pT search

Flavor anomalies 
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B anomalies in a nutshell
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RD(⇤)

Both sets of B-physics anomalies challenge assumption of lepton flavor 
universality (LFU), which is usually taken for granted in high-energy physics
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B anomalies in a nutshell

Mass/scale suppression of effective operators suggests that explanations 
of b → c anomalies should lead to high-pT imprints testable @ LHC, while   
b → s case looks much less promising



A digression on LFU

9

Before 2012, stringent experimental 
test of LFU in B-meson decays did 
not exist  

Combined LEP results hint towards 
LFU violation in W-boson decay with 
significance of 2.8σ 
[LEPEWWG, hep-ex/0511027]
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ATLAS LHC Run-II measurement in full agreement with LFU as predicted in SM

LFU violation in W decays?
[ATLAS, 2007.14040]
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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b → s (b → c) anomalies alone can  
be accommodated by several simple 
single-mediator models

Simplified models for B anomalies
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[see for instance Buttazzo, Greljo, Isidori & Marzocca, 1706.07808]

https://arxiv.org/pdf/1706.07808.pdf
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U1 singlet vector leptoquark (LQ) is 
only single-mediator model that can 
explain both sets of anomalies

Simplified models for B anomalies
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative

11

[see for instance Buttazzo, Greljo, Isidori & Marzocca, 1706.07808]

https://arxiv.org/pdf/1706.07808.pdf


A digression on LQs 
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Both scalar & vector LQ have strong advantage with respect to other tree-level 
mediators that they do not induce tree-level contributions to B-mixing & τ → μνν
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Well-known LQ search strategies @ LHC
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[Manohar et al., 1607.04266, 1708.01256; Buonocore et al., 2005.06477]

Photon & lepton content of proton
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Resonant LQ production @ LHC

Non-zero lepton parton distribution functions allow for resonant LQ production @ LHC, 
but single lepton-jet final states are not part of exotics search canon of ATLAS & CMS

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475; Greljo & Selimovic, 2012.02092]



Lepton-jet final state searches @ ATLAS: 1*
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hadronic 
jet 
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lepton

*i.e. the quantum-black-hole search published as 1311.2006
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Dilepton searches @ ATLAS: 13*

*number based on https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Dijet searches @ ATLAS: 12*

*number based on https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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LHC limits on 1st & 2nd generation LQs

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]
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LHC limits on 1st & 2nd generation LQs

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]

Given discovery reach of resonant LQ signature, dedicated 
searches for final states with a light lepton & a light-flavour jet 
should be added to exotics search canon of ATLAS & CMS



Singlet vector LQ models for B anomalies
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Parameters Branching ratios

�33
L �23

L BR (U ! b⌧+) BR (U ! t⌫̄⌧ ) BR (U ! s⌧+) BR (U ! c⌫̄⌧ )

1 0 51% 49% 0% 0%

1 1 25% 22% 25% 27%
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Possible singlet vector LQ signatures
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Flavor structure as suggested by b → c anomalies singles out pp → τ+τ-, bτ as most 
interesting channels — pp → τμ, τν, μ+μ-, tν, cν may be important as well in case of 
discovery or if b → c anomalies disappear 



Figure 6: Exclusion limits from the pp ! ⌧⌫ search in the (�23
L ,MU ) plane for di↵erent values of the

coupling �33
R . We fix �

33
L = 1, gU = 3 and the leptoquark width to its natural value. The corresponding

limits from pp ! ⌧⌧ and pair-production, using the same parameter points, are overlaid.

reinterpret the collider bounds in terms of the model in section 3 to set limits on �
L
32 and ⇣

23
` , as a

function of the leptoquark and Z
0 masses, respectively.

4.4.1 Search strategy

We use Madgraph5 aMC@NLO v2.6.3.2 [59] with the NNPDF23 lo as 0119 qed PDF set [60] to com-
pute the NP contribution to the pp ! ⌧µ process. The output is passed to Pythia 8.2 [61] for tau
hadronization and the detector e↵ects are simulated with Delphes 3.4.1 [63]. The ATLAS Delphes
card has been adjusted to satisfy the object reconstruction and identification criteria in the search.
In particular we have modified the muon e�ciency and momentum resolution to match the High-pT

muon operating point, and adjusted the missing energy reconstruction to account for muon e↵ects.
We have further included the ⌧ -tagging e�ciencies quoted in the experimental search [46].

After showering and detector simulation, we apply the selection cuts specified in table 5 using
MadAnalysis 5 v1.6.33 [64]. The resulting events are binned according to their dilepton invariant
mass. Following the approach described by ATLAS [46], the tau momentum is reconstructed from the
magnitude of the missing energy and the momentum direction of the visible tau decay products. This
approach relies on the fact that the momentum of the visible tau decay products and the neutrino
momentum are nearly collinear.

In order to validate our procedure, we have simulated the Z
0 signal quoted in the experimental

search [46], finding good agreement between our signal and the one by ATLAS.
We compared our results with the binned invariant mass distribution in [46]. Since the error

correlations are not provided, we treat the bin errors as uncorrelated. We use the modified frequentist
CLs method [65] to obtain 95% CL limits. These limits are computed using the ROOT [66] package
Tlimit [67]. In the determination of those limits, we include a systematic uncertainty of 20% for
the NP signal to account for possible uncertainties related to the PDF, tau hadronization, detector
simulation and unaccounted NLO corrections.
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LHC bounds: pp → ττ vs. pp → τν 
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natural flavor structure

[Baker et al., 1901.10480; ATLAS, 1709.07242; CMS, 1807.11421]
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News flash: CMS ditau search

[CMS PAS HIG-21-001]

8. Results 25
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Figure 7: Distributions of mtot
T in the global (left) no b-tag and (right) b-tag categories in the

(upper row) eµ, (middle row) eth and µth, and (lower row) thth final states, for the most
signal sensitive categories. For the eµ final state, the Medium-Dz category is displayed, for
the eth and µth final states the Tight-mT categories are shown. The black horizontal line in
the upper panel of each subfigure indicates the change from logarithmic to linear scale on the
vertical axis. The distributions are shown for all data-taking years combined.

CMS studies three signal hypotheses, i.e. 
scalar production in gluon-fusion & in 
association with bottom quarks & t-channel 
exchange of a vector LQ. Both events with & 
without a b-tagged jet are considered
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Figure 7: Distributions of mtot
T in the global (left) no b-tag and (right) b-tag categories in the

(upper row) eµ, (middle row) eth and µth, and (lower row) thth final states, for the most
signal sensitive categories. For the eµ final state, the Medium-Dz category is displayed, for
the eth and µth final states the Tight-mT categories are shown. The black horizontal line in
the upper panel of each subfigure indicates the change from logarithmic to linear scale on the
vertical axis. The distributions are shown for all data-taking years combined.
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News flash: CMS ditau search

[CMS PAS HIG-21-001]

Scalar production in gluon-fusion seems to 
best describe slight excess of events at large 
transverse mass. LQ explanations IMHO 
problematic because they necessarily lead to 
non-negligible b-jet activity
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Beyond simplified LQ models

Ultraviolet complete LQ models typically contain new degrees of freedom besides 
LQ such as a heavy gluon G′, a Z′, vector-like leptons L, additional Higgses, etc. 
New states cannot be arbitrarily heavy in models that address b → c anomalies
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Bounds on G′ motivated by b → c anomalies 

Figure 4.5: Collider constraints from resonant G0 production with dijet (green) and tt̄ (blue) final
states for the benchmark couplings iiq = �gs(M 0

G)
2/g2G0 (solid) and iiq = 0 (dashed), and R = 1 in

both cases (see text for details). We mark in gray those values of the width which are below the sum
of tt̄ and dijet partial widths for gG0 = 3.

⌧ ! µ�

The matching contribution to the dipole operator is given by

C
µ⌧
e� (⇤) = �

CU

16⇡2


y⌧ (⇤)

2
�Q⌧
L �Qµ⇤

L (G1(xQ)� 2G2(xQ)) +
3 yb(⇤)

2
�b⌧
R �bµ⇤

L

�
,

C
⌧µ⇤
e� (⇤) = �

CU

16⇡2

y⌧ (⇤)

2
�Qµ⇤
L �Q⌧

L (G1(xQ)� 2G2(xQ)) ,

(4.17)

where xQ = M2

Q/M
2

U and the functions G1,2(x) are defined as in equation (41) of [50]. Using these

results, and given the size of the various �i`
L couplings, it is easy to verify that the leading contribution

is the one proportional to yb, which is independent from the mass of the vector-like fermions. An even
larger contribution to the decay rate is the one generated by the RGE contribution of O33µ⌧

LR (m⌧ ) in
(A.20). This is why we considered B(⌧ ! µ�) among the UV-insensitive observables in Section 4.1,
at least in the case of large �b⌧

R (which is the only case where it can reach values close to present
bounds).

4.3 Collider signatures from the additional TeV-scale states

Coloron searches. The most general Lagrangian for a coloron coupling to SM particles is given by

LG0 = �
1

4
G0 a

µ⌫ G
0 aµ⌫ +

1

2
M2

G0 G0 a
µ G0 aµ +

1

2
G0 G0 a

µ⌫ G
aµ⌫ + gs ̃G0fabcG

0 a
µ G0 b

⌫ Gc µ⌫

+ gG0 G0 aµ (ijq q̄iL T a �µ q
j
L + iju ūiR T a �µ u

j
R + ijd d̄iR T a �µ d

j
R) . (4.18)

In models where the coloron has a gauge origin, such as the ones discussed here, we have G = ̃G = 0.
This is an important feature, since it implies that coloron couplings to two gluons are absent at the
tree-level, thus e↵ectively reducing the coloron production cross-section at the LHC. Concerning the
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parameter region 
where G′ decays 

only to SM quarks 

[Cornella et al., 2103.16558; CMS, 1911.03947; ATLAS, 1801.02052; CMS-PAS-TOP-18-013]



[Cornella, Fuentes-Martin, Faroughi, Isidori & Neubert, 2103.16558]
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Vector-like leptons in singlet vector LQ model

Additional vector-like leptons need to be light to reduce LQ contribution to Bs mixing

Figure 4.3: Upper left: 1� and 2� regions in the (�RD⇤ , �(�mBs)) plane preferred by the low-energy
fit, with ⇤bs = 1TeV. Upper right: �(�mBs) as a function of �RD⇤ in the UV complete model for
di↵erent values of ML, fixing MU = 4 and �s⌧

L = 0.15. Lower plots: Preferred 1� and 2� regions for
�(�mBs) as a function of the vector-like lepton mass for MU = 4TeV. As in the other plots, orange
and purple correspond to the benchmarks �b⌧

R = 0 and �b⌧
R = �1.

23

only left-handed (LH) couplings

also right-handed (RH) couplings also RH couplings

only LH couplings
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LHC searches for vector-like leptons

Vector-like lepton production in context of LQ models addressing b → c anomalies 
is expected to lead to high-multiplicity final states with τ, b, t & ET,miss

[see for instance Di Luzio et al., 1808.0094; Cornella et al., 2103.16558]
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LHC searches for vector-like leptons
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analysis for vector-like leptons appearing in singlet vector LQ model do not exist 
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[Di Luzio et al., 1808.0094; ATLAS, 1810.05573; CMS, 2001.04521]
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Z′ for b → s anomalies: Lμ - Lτ modelsProbing the Z 0 Parameter Space
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1. Neutral meson mixing: 

2. Neutrino trident production νγ → νμμ
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0.5 TeV
(  fit suggests left-handed lepton doublet is involved)b → sℓℓ
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LHC

excluded by 

Bs mixing

b → s anomalies 
explained 

(g-2)μ explained

excluded by neutrino    
trident production

[see for instance Altmannshofer et al., 1403.1269, 1508.07009 & 1902.06765]
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Z′ for b → s anomalies: Lμ - Lτ models

[CMS, 1808.03684]
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LHC

excluded by LHC 
searches for pp → 4μ   

[see for instance Altmannshofer et al., 1403.1269, 1508.07009 & 1902.06765]
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Dilepton searches in Lμ - Lτ models6

ATLAS 13 TeV, 36.1 fb-1

R(K(*)) @ 2�
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Fig. 5 Limits on the Z0 MFV model from pp ! µ+µ�. See text for
details.

3.2 Model examples

Let us briefly speculate about the UV scenarios capable of
explaining the observed pattern of deviations in the rare B
meson decays. For our EFT approach to be valid, we focus
on models with new resonances beyond the kinematical
reach for threshold production at the LHC. In such mod-
els, the effective operators in Eq. (1) are presumably gener-
ated at the tree level.3 We focus here on the single mediator
models in which the required effect is obtained by integrat-
ing out a single resonance. These include either an extra Z0

bosons [28,32,37,38,39,40,41,42,43,44,45,46,47,48] or
a leptoquark [49,50,51,52,53,54,27,55,56,57] (for a re-
cent review on leptoquarks see [58]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)Qi jLkl

) or singlet

(c(1)Qi jLkl
) operators, consists of: color-singlet vectors Z0

µ ⇠
(1,1,0) and W 0

µ ⇠ (1,3,0), color-triplet scalar S3 ⇠ (3̄,3,1/3),
and vectors U µ

1 ⇠ (3,1,2/3), U µ
3 ⇠ (3,3,2/3), in the no-

tation of Ref. [58]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z0 and W 0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if MZ0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
MV and

c(3)Qi jLkl
=�g(3),i j

Q g(3),kl
L , c(1)Qi jLkl

=�g(1),i j
Q g(1),kl

L , (17)

3Note that including a loop suppression factor of ⇠ 1
16p2 , the fit of

the flavour anomalies in Eq. (10) points to a scale L ⇡ 2.6+0.2
�0.3 TeV

(see for example models proposed in Refs. [34,35,36]).

obtained after integrating out the heavy vectors with inter-
actions L � Z0

µ Jµ +W 0a
µ Ja

µ , where

Jµ = g(1),i j
Q (Q̄igµ Q j)+g(1),kl

L (L̄kgµ Ll) ,

Ja
µ = g(3),i j

Q (Q̄igµ saQ j)+g(3),kl
L (L̄kgµ saLl) .

(18)

A quark flavour-violating g(x),23
Q coupling and g(x),22

L are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions.

For example, assuming a singlet Z0 with g1,i j
Q = g1,i j

L =

d i jg⇤ and MFV structure (g(1),23
Q =Vtsg⇤) we derive limits

on g⇤ as a function of the mass MZ0 , both fitting the data
directly in the full model,4 and in the EFT approach. The
results are shown in Fig. 5. The limits in the full model are
shown with solid-blue while those in the EFT are shown
with dashed-blue. We see that for a mass MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.5

On top of this, we show with green lines the best fit and 2s
interval which reproduce the b ! sµµ flavour anomalies,
showing how LHC dimuon searches already exclude such
a scenario independently of the Z0 mass.

Related to the above analysis, let us comment on the
model recently proposed in Ref. [48]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h) having MFV-like couplings in the quark
sector. Fig. 1 of Ref. [48] shows the preferred region from
DCµ

9 in the mass versus coupling plane, as well as the con-
straint from the Z0 resonance search (from the same exper-
imental analysis used here [11]). While the limits from the
resonance search are effective up to ⇠ 4 TeV, we note that
the limits from the tails go even beyond and already probe
the interesting parameter region as shown in our Fig. 4.
Note that this statement is independent of the Z0 mass (as
long as the EFT is valid).

Leptoquark models: A color-triplet resonance in the
t-channel gives rise to pp ! `+`� at the LHC [59,60].
The relevant interaction Lagrangian for explaining B de-
cay anomalies is,

L � yLL
3i jQ̄

c,i
L is2saL j

LSa
3 + xLL

3i jQ̄
i
Lgµ saL j

LUa
3,µ

+ xLL
1i jQ̄

i
Lgµ L j

LU1,µ +h.c. ,
(19)

and the matching to the EFT is provided in Table 4 of
Ref. [58]. The constraints from Table 1 apply again in a
straightforward way. The validity of the expansion has been

4The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 = 5g2

⇤/(6p).
5See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.
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[Greljo & Marzocca, 1704.09015; ATLAS, 1707.02424]
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Dilepton searches in Lμ - Lτ models

Gauging Lμ-Lτ gives gives Z′ with vectorial couplings to μ, τ & corresponding ν. Introduce 
vector-like quarks Q to generate bsZ′ coupling & suppress Z′ couplings to light quarks

Z’

μ, νμμ, νμ +g’

Z’

τ, νττ, ντ -g’

Z’

<φ> <φ>

q Q Q q’

Z’

b s

Z’

u, d u, d

≠ 0

≈ 0

[see for instance Altmannshofer et al., 1403.1269, 1508.07009 & 1902.06765]
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Searches for bsμμ contact interactions

First search for bsμμ four-Fermi operator by ATLAS, but bounds on suppression scale are  

a factor of O(20) below sensitivity needed to test b → s anomalies model independently

(a) (b)

(c) (d)

Figure 3: Model-independent observed (solid line) and expected (dashed line) upper limit on the visible cross section
(�vis = � · ✏ · A) for the (a) electron b-veto, (b) electron b-tag, (c) muon b-veto and (d) muon b-tag categories. The
uncertainty bands on the expected limit represent the 68% and 95% confidence intervals. The theory lines (dotted
lines) correspond to particular ⇤/g⇤ values of the signal model, and the red marker presents the strongest expected
lower limit on ⇤/g⇤.

9

[ATLAS-CONF-2021-012]
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Testing LFU with dilepton events @ LHC

CMS observes good agreement with LFU up to masses of 1.5 TeV, but above 1.8 TeV 
there is slight excess in dielectron channel. Interesting but still inconclusive IMHO

29
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Figure 12: Ratio of the differential dilepton production cross section in the dimuon and dielec-
tron channels Rµ+µ�/e+e� , as a function of m`` for events with two barrel leptons on the left
and at least one lepton in the endcaps on the right. The ratio is obtained after correcting the re-
constructed mass spectra to particle level. The error bars include both statistical and systematic
uncertainties.

depending on the helicity structure of the interaction and the sign of its interference with the
SM Drell–Yan background. In the Arkani-Hamed, Dimopoulos, and Dvali model of large extra
dimensions, lower limits on the ultraviolet cutoff ranging from 5.9 to 8.9 TeV are set, depending
on the parameter convention.

For the first time in this kind of analysis, the dimuon and dielectron invariant mass spectra are
corrected for the detector effects and compared at the TeV scale. No significant deviation from
lepton flavor universality is observed.
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Testing LFU with dilepton events @ LHC

18

Table 4: Results for the measurement of DAFB and DA0 between the muon and electron chan-
nels from the maximum likelihood fit to data in different dilepton mass bins as well as an
inclusive measurement across all mass bins. The first and second uncertainties listed with each
measurement are statistical and systematic, respectively.

Mass (GeV) DAFB DA0
170–200 �0.045 ± 0.019 ± 0.009 0.018 ± 0.016 ± 0.032
200–250 �0.042 ± 0.019 ± 0.006 �0.027 ± 0.019 ± 0.048
250–320 �0.052 ± 0.023 ± 0.006 �0.092 ± 0.026 ± 0.045
320–510 0.015 ± 0.023 ± 0.008 �0.046 ± 0.032 ± 0.045
510–700 �0.013 ± 0.043 ± 0.007 �0.184 ± 0.075 ± 0.053
700–1000 0.055 ± 0.064 ± 0.008 �0.034 ± 0.128 ± 0.068
> 1000 �0.099 ± 0.104 ± 0.014 �0.090 ± 0.214 ± 0.111

Inclusive, Mass > 170 �0.026 ± 0.010 ± 0.004 �0.018 ± 0.011 ± 0.018
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 = 0FB AΔ 

FB,ee A− µµFB, = AFB AΔ
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Figure 5: Measurement of the difference in forward-backward asymmetry between the dimuon
and dielectron channels. The green line is drawn at zero, the predicted value for DAFB assum-
ing lepton flavor universality. The black points and error bars represent the measurements of
DAFB in different mass bins. The blue line and shaded light blue region represent the inclusive
measurement of DAFB and corresponding uncertainty. The error bars on the measurements
and the shaded region include both statistical and systematic components.

[CMS, 2202.12327]

CMS recently also measured difference 
between dimuon & dielectron forward-
backward asymmetry (AFB). Result is 
found to agree with zero within 2.4σ. 
Like rate measurement, also AFB results 
show a slight dielectron excess
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Figure 10. Scatter plot with "
u

22,32,23,33 and "
⌫

21,22,32,23,33 varied between ±1.5. Concern-

ing the masses we scanned over are (in GeV) mNi 2 [100, 1000], mH+ 2 [100, 500] and

{mH0 ,mA0} 2 [100, 350]. In total, we generated 106 points. The red regions are preferred

by b ! s`
+
`
� data according to updated fit of Ref. [39] and includes the new LHCb [103]

and Belle [104] measurement of R(K) and R(K⇤), respectively. It is interesting to note

that using the new fit significantly more points lie within the preferred regions.

Concerning the phenomenology, we found that without right-handed neutrinos

sizeable contributions to vector operators can only be generated via photon and Z

penguins. However, this does not allow for lepton flavour universality violation and

the e↵ect in CU

10 with respect to CU

9 is too big to give a good fit to data. Therefore,

we included in a next step right-handed neutrinos which lead in general to a lepton

flavour universality violating CV

9 = �CV

10 e↵ect. This can provide an explanation of

the anomalies especially with the recently updated b ! s`+`� data.

If we allow for Higgs to ⌧µ couplings, we can explain the anomalous magnetic

moment by a chirally enhanced m⌧/mµ e↵ect. This leads at the same time to non-

vanishing branching ratios ⌧ ! µ� and ⌧ ! 3µ which are however compatible with

the experimental limits. The e↵ect in h ! ⌧µ is found to be dominant, i.e. most

constraining. In case of an explanation of aµ, h ! ⌧µ requires a close alignment

in the Higgs sector, i.e. very small c�↵. Furthermore, a small CV

9 = +CV

10 e↵ect is

generated which does not significantly improve the goodness of the fit to data.

2HDMs have a rich flavour phenomenology since they give e↵ects in many classes

of observables. As we showed in this article, these models are in principle capable

to explain the discrepancies between the SM and experiment. Once one allows for a

generic flavour structure and right-handed neutrinos, this provides a possible solu-

tion to the deviations in b ! s`+`� transitions and aµ, even though some degree of

– 27 –

Box diagrams with a charged Higgs boson & a right-handed neutrino are able to generate 

LFU violating effects needed to explain b → s anomalies 

Flavorful 2HDM with right-handed neutrinos

[Crivellin, Müller & Wiegand, 1903.10440]
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In 2016 explanation of muon anomalous magnetic moment possible without violating h → τμ 
bound if Higgs sector close to alignment. Now possibility even stronger constrained 
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Figure 9. Prediction for the decay of the SM-like Higgs boson h ! ⌧µ as a function of "`32
under the assumption that "`23 is chosen in such a way that the anomalous magnetic moment

of the muon is explained. We used MH+ = 400GeV, MH0 = 250GeV and MA0 = 300GeV.

For c�↵ = 0.003 the whole 2� region to explain aµ is shown while for c�↵ = 0.001 and

c�↵ = 0.005 only the predictions for the central value of aµ are depicted.

e↵ects in C 0
9 and C 0

10 are possible. However, contributions to scalar operators must

be suppressed due to the strong constraints from Bs ! µ+µ� where they enter with

an enhancement factor of m2
b
/m2

µ
.

C9 and C10 can only be generated from � and Z penguins (see Eqs. (3.30)-

(3.32)) or from charged Higgs boxes (see Eq. (3.37)). Interestingly, all contributions

to C9 and C10 involve "u
ij
but not "d

ij
while the e↵ect in C 0

9, C
0
10 only appears once

"d
ii
is unequal to zero. Furthermore, scalar operators involve both "d

ii
and "u

ij
. To

accommodate the strong constraints on scalar operators we will assume that "d
ii
is

negligibly small in the following. As stated above, an e↵ect in C9 is mandatory to

explain the anomalies. However, the Z penguin contribution to C9 is suppressed by

(1�4s2
W
) and the o↵-shell photon e↵ect is small due to the electromagnetic coupling.

Hence, in the limit of "`
ij
= "⌫

ij
= 0 we are left with a lepton flavour universal CU

10

e↵ect (following the conventions of Ref. [91]) to a good approximation. This e↵ect

is also strongly correlated to (and therefore limited by) Bs � B̄s mixing, as shown

in Fig. 8. Note that this correlation is to a good approximation independent of the

Higgs masses. The bound from b ! s� in this setup turns out to be in general weaker

than the ones from Bs � B̄s mixing.

Therefore, we need in addition the charged Higgs boxes if we aim at a good fit

to b ! sµ+µ� data. Here, "`
I2 generates CV

9 = CV

10 e↵ect in muons only, while "⌫2I
gives CV

9 = �CV

10. Let us first consider the case with only "`
IJ

since these couplings

– 25 –

 ATLAS, 1604.07730, BR < 1.43% 

Flavorful 2HDM with right-handed neutrinos

[Crivellin, Müller & Wiegand, 1903.10440]

CMS-PAS-HIG-20-009, BR < 0.15% 




42

LHC phenomenology of model not worked out, but exotic decays such as H, A → tc (τμ) & 

H± → cb generically expected & wait for interest of community. Challenging searches but 

may reveal first direct evidence of beyond SM physics & unravel origin of flavor 

Flavorful 2HDM with right-handed neutrinos
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t
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• Beyond SM models that explain all B-physics anomalies generically lead to 

signatures (e.g. pp → τ+τ-, bτ, tt & high-multiplicity final states with τ, b, t & ET,miss) 

testable @ LHC. If b → c anomalies persist, IMHO likely that LHC sees something 


• BSM models that explain only b → s anomalies can be easily hidden from leaving  
imprint on high-pT LHC physics. Still, searches for bsμμ contact interactions, LFU 
violation in dilepton production, etc. may shed light on origin of anomalies


• Signals in Higgs & diboson physics connected to B-physics anomalies possible 

(e.g. h → τμ & exotics decays of heavy Higgses) but model dependent

Conclusions & outlook

-



Backup

-
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energy of 1.96 TeV. The (anti)quark momen-
tum distributions in the (anti)proton are the
best-measured among all constituent partons
of the colliding particles. The use of proton-
antiproton collisions reduces uncertainties
on themomenta of the partons and the corre-
spondingMW uncertainty relative to the LHC,
where W bosons are produced from quarks
or antiquarks and gluons, the latter of which
have less precisely known momentum distri-
butions. The moderate collision energy at the
Tevatron further restricts the parton momenta
to a range in which their distributions are
known more precisely, compared with the rel-
evant range at the LHC. The LHC detectors
partially compensate with larger lepton rapidity
coverage. The improved lepton resolution at the
LHC detectors has a minor impact on theMW

uncertainty. Although the LHC dataset is much
larger, the lower instantaneous luminosity at
the Tevatron and in dedicated low-luminosity
LHC runs helps to improve the resolution on
certain kinematic quantities, compared with
the typical LHC runs.
The data sample corresponds to an inte-

grated luminosity of 8.8 inverse femtobarns
(fb−1) of p!p collisions collected by the CDF II
detector (43) between 2002 and 2011 and
supersedes the earlier result obtained from a
quarter of these data (41, 43). In this cylindri-
cal detector [figure 3 of (43)], trajectories of
charged particles (tracks) produced in the
collisions are measured by means of a wire
drift chamber (a central outer tracking drift
chamber, or COT) (48) immersed in a 1.4-T
axial magnetic field. Energy and position mea-
surements of particles are also provided by EM
and hadronic calorimeters surrounding the
COT. The calorimeter elements have a projec-
tive tower geometry, with each tower pointing
back to the average beam collision point at
the center of the detector. Additional drift
chambers (49) surrounding the calorimeters
identify muon candidates as penetrating par-
ticles. Themomentum perpendicular
to the beam axis (cylindrical z axis) is
denoted as pT (if measured in the COT)
or ET (if measured in the calorimeters).
The measurement uses high-purity
samples of electron andmuon (together
referred to as lepton) decays of the W±

bosons, W→ en and W→ mn, respec-
tively (e, electron; n, neutrino; m,muon).

W and Z boson event selection

Events with a candidate muon with
pT > 18GeVor electronwithET> 18GeV
(50) are selected online by the trigger
system for offline analysis. The follow-
ing offline criteria select fairly pure sam-
ples of W → mn and W → en decays.
Muon candidates must have pT >
30 GeV, with requirements on COT-
track quality, calorimeter-energy depo-

sition, andmuon-chamber signals. Cosmic-ray
muons are rejected with a targeted track-
ing algorithm (51). Electron candidates must
have a COT track with pT > 18 GeV and an EM
calorimeter-energy depositionwithET >30GeV
and must meet requirements for COT track
quality, matching of position and energy
measured in the COT and in the calorimeter
(ET/pT < 1.6), and spatial distributions of en-
ergy depositions in the calorimeters (43).
Leptons are required to be central in pseu-
dorapidity ( hj j < 1) (50) andwithin the fiducial
region where the relevant detector systems have
high efficiency and uniform response. When
selecting the W boson candidate sample, we
suppress the Z boson background by rejecting
events with a second lepton of the same flavor.
Events that contain two oppositely charged
leptons of the same flavor with invariant mass
in the range of 66 to 116 GeV andwith dilepton
pT < 30 GeV provide Z boson control samples
(Z → ee and Z → mm) to measure the detector
response, resolution, and efficiency, as well as
the boson pT distributions. Details of the event
selection criteria are described in (43).
The W boson mass is inferred from the

kinematic distributions of the decay leptons
(‘). Because the neutrino from the W boson
decay is not directly detectable, its transverse
momentum pn

T is deduced by imposing trans-
verse momentum conservation. Longitudinal
momentumbalance cannot be imposedbecause
most of the beammomenta are carried away by
collision products that remain close to the beam
axis, outside the instrumented regions of the
detector. By design of the detector, such prod-
ucts have small transverse momentum. The
transverse momentum vector sum of all detect-
able collision products accompanying the W
or Z boson is defined as the hadronic recoil
u
→ ¼ SiEisin qið Þn̂i, where the sum is performed
over calorimeter towers (52) with energy Ei,
polar angle qi, and transverse directions speci-
fied by unit vectors n̂i . Calorimeter towers

containing energy deposition from the charged
lepton(s) are excluded from this sum. The
transverse momentum vector of the neu-

trino p
→n
T is inferred as p

→n
T≡$ p

→‘

T $ u
→
from p

→
T

conservation, where p
→‘

T is the vector pT (ET) of

the muon (electron). In analogy with a two-
body mass, the W boson transverse mass is
defined using only the transverse momentum

vectors as mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 p‘

Tp
n
T $ p

→‘

T % p
→n
T

" #r
(53).

High-purity samples of W bosons are ob-
tained with the requirements 30 < p‘T < 55 GeV,
30< pn

T < 55 GeV, u
→$$ $$< 15 GeV,and 60 <mT <

100 GeV. This selection retains samples con-
taining preciseMW information and low back-
grounds. The final samples ofW and Z bosons
consist of 1,811,700 (66,180)W → en ( Z → ee)
candidates and 2,424,486 (238,534)W → mn
(Z → mm) candidates.

Simulation of physical processes

The data distributions of mT, p‘
T, and pnT are

compared with corresponding simulated line
shapes (“templates”) as functions of MW from
a customMonte Carlo simulation that has been
designed andwritten for this analysis. A binned
likelihood ismaximized to obtain themass and
its statistical uncertainty. Thekinematic proper-
ties ofW and Z boson production and decay are
simulated using the RESBOS program (54–56),
which calculates the differential cross section
with respect to bosonmass, transversemomen-
tum, and rapidity for boson production and
decay. The calculation is performed at next-
to-leading order in perturbative quantum
chromodynamics (QCD), along with next-to-
next-to-leading logarithm resummation of
higher-order radiative quantum amplitudes.
RESBOS offers one of themost accurate theoretical
calculations available for these processes. The
nonperturbative model parameters in RESBOS

and the QCD interaction coupling strengthas
are external inputs needed to complete the de-

scription of the boson pT spectrum and
are constrained fromthehigh-resolution
dilepton p‘‘

T spectrum of the Z boson
data and the pW

T data spectrum. EM
radiation from the leptons is modeled
with the PHOTOS program (57), which is
calibrated to the more accurate HORACE

program (58, 59). We use the NNPDF3.1
(60) partondistribution functions (PDFs)
of the (anti)proton, as they incorporate
the most complete relevant datasets of
the available next-to-next-to-leading
order (NNLO) PDFs. Using 25 symmet-
ric eigenvectors of the NNPDF3.1 set, we
estimate a PDF uncertainty of 3.9 MeV.
We find that the CT18 (61), MMHT2014
(62), and NNPDF3.1 NNLO PDF sets pro-
duce consistent results for theW boson
mass, within ±2.1 MeV of themidpoint
of the interval spanning the range of
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Table 1. Individual fit results and uncertainties for the MW

measurements. The fit ranges are 65 to 90 GeV for the mT fit
and 32 to 48 GeV for the p‘T and pnT fits. The c2 of the fit is
computed from the expected statistical uncertainties on the
data points. The bottom row shows the combination of the six
fit results by means of the best linear unbiased estimator (66).

Distribution W boson mass (MeV) c2/dof

mT e; nð Þ 80;429:1 T 10:3stat T 8:5syst 39/48
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... . . ... ..

p‘T eð Þ 80;411:4 T 10:7stat T 11:8syst 83/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... . . ... ..

pnT eð Þ 80;426:3 T 14:5stat T 11:7syst 69/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... . . ... ..

mT m; nð Þ 80;446:1 T 9:2stat T 7:3syst 50/48
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... . . ... ..

p‘T mð Þ 80;428:2 T 9:6stat T 10:3syst 82/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... . . ... ..

pnT mð Þ 80;428:9 T 13:1stat T 10:9syst 63/62
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... . . ... ..

Combination 80;433:5 T 6:4stat T 6:9syst 7.4/5
.. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... . . ... ..

RESEARCH | RESEARCH ARTICLES

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

MW measurement by CDF

[CDF, Science 376 (2022) 6589]



Z′ searches in general not competitive with limits obtained from LQ or G′ searches

46

Z′ bounds in singlet vector LQ model 

Figure 7: 95% CL exclusion limits from the pp ! ⌧µ search. Left: U1 limits in the (�32
L ,MU ) plane

for di↵erent values of the coupling �
33
R . We fix �

33
L = 1, gU = 3 and the leptoquark width to its

natural value. Right: Z 0 limits in the (⇣32L ,MZ0) plane, taking the natural width for the Z
0 and fixing

gZ0 = 3. For comparison, the bounds from U1 pair-production and from pp ! ⌧⌧ are also shown.

4.5.1 Search strategy

We perform a recast of the ATLAS study [47], using 36 fb�1 of collected data. Since the data was
unfolded in this work, we can compute parton-level predictions and directly compare them to the
unfolded distributions provided in the reference study.

We choose to derive the constraints from the normalised parton-level di↵erential cross-sections as
a function of the tt̄-invariant mass, shown in fig. 14(b) of [47]. As in the other searches, we do not
include possible error correlations between the bins in the invariant-mass distribution since they are
not provided. Our signal predictions are derived by integrating the leading-order SM QCD partonic
cross-sections qq̄ ! tt̄ and gg ! tt̄ and the NP contributions from coloron and Z

0 over the parton
distribution functions, employing the NNPDF30 nlo as 0119 PDF set [60] and fixing the factorisation
and renormalization scale to the center of the corresponding tt̄-invariant mass bin. We use the running
strong coupling constant as provided by the PDF set. The only cut applied is on transverse momentum
of either top quark: ptT > 500 GeV. Note that our reference study places the cuts as pt,1T > 500 GeV

on the leading top, and p
t,2
T > 350 GeV on the subleading one. For a fully exclusive, partonic tt̄ final

state, pt,1T = p
t,2
T and hence the second cut does not influence our calculation. However, the unfolded

distributions are derived from data which employ this slightly milder cut, leading to slight deviations
in bins of lower invariant mass. We therefore drop the bins mtt̄ < 1.2 TeV and then find excellent
agreement with the SM predictions presented in the ATLAS study. While the analysis also provides
unfolded spectra di↵erential in pT and various other kinematic observables, we find the invariant mass
spectrum to be the most constraining distribution. We therefore focus solely on the invariant mass
spectrum and do not consider searches in the angular spectra.

4.5.2 Limits on the coloron

We are now ready to present the constraints on the various parameters related to the coloron.
Throughout this section we set 

33
q = 1 and 

ll
q = 

ll
u = 

ll
d = �(gs/gG0)2, and we fix gG0 = 3,

unless otherwise stated.

17

Figure 2: Exclusion plot for the pp ! ⌧⌧ search in the (gZ0 ,MZ0) plane (left) and (⇣ llq ,MZ0) plane
(right), and for the natural width ⇥ 2 while maintaining the natural partial width to tau pairs (dashed
curves). In the left plot we set ⇣ llq = 0. In the right plot we set gZ0 = 3.

For ⇣ llq ⌧ 1, the width is not a↵ected by increasing ⇣
ll
q , while for larger values of ⇣ llq the width starts

to be a↵ected leading to a change of slope.
We again show that doubling the natural width decreases the limit by around 10 %. We also show

the impact of changing the relative sign between the light quark couplings and the third-generation
coupling. With opposite signs the interference term contributes constructively, strengthening the
limit, whereas when the signs are the same the interference term contributes destructively, weakening
the limit.

In fig. 3 we fix gZ0 = 3 and vary the width for ⇣
ll
q 2 {0.0, 0.5, 1.0}. As noted above, we see that

the limit depends only weakly on the width. For all values of ⇣ llq , a doubling of the width from 25%
to 50% decreases the limit by around 10%. The grey area show values of the width which are below
the corresponding natural width.

In summary, the Z
0 mass limit of the ditau search depends weakly on the universal coupling gZ0 ,

is very sensitive to the light-quark couplings (it is excluded below 5 TeV for ⇣
ll
q ⇡ 1), and is only

weakly relaxed by an increase of the total width of the Z
0.

4.2.4 Combined limits for the Z0 and the U1 leptoquark

We now consider the limits when both the Z
0 and the leptoquark are present. For the Z

0 we set
⇣
33
q,u,d = ⇣

33
`,e = 1 and ⇣

ll
q = 0. For the leptoquark we set �33

L = �
33
R = 1 and �

23
L = 0. In both cases we

assume natural widths.
In fig. 4 we show the exclusion limit on the (MU , MZ0) plane for a variety of overall coupling

strengths, gU = gZ0 2 {2.5, 3.0, 3.5}. The increase of the limits with growing coupling in each step
is relatively small for the Z

0 (⇠ 200GeV), while it is larger for the leptoquark (⇠ 600GeV). We see
that the decoupling regimes considered in the previous two sections hold when the Z

0 is heavier than
(roughly) 3 TeV, and when the leptoquark is heavier than 5� 6 TeV.

Below the decoupling regime, the limits on both particles strengthen by a few hundred GeV, since
they both contribute to the m

tot
T distribution.

11

[Baker et al., 1901.10480; ATLAS, 1709.07242; CMS, 1807.11421]
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].

Sum over backgrounds is a steeply falling distribution, while signal exhibits a narrow peak

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]
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LHC limits on 1st & 2nd generation LQs

u

u

e

e

LQ

t-channel Drell-
Yan (DY)

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]



eu
PP, 36 fb-1 DY, 36 fb-1

SP, 36 fb-1 QW

2000 3000 4000 5000
0.01

0.05

0.10

0.50

1

M [GeV]

|�
eu
|

36 fb-1 139 fb-1 300 fb-1 3 ab-1

57

LHC limits on 1st & 2nd generation LQs
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Signal events after cuts:


NHL-LHC(e-e-) ≃ 700,


NHL-LHC(μ-μ-) ≃ 550,


NHL-LHC(τ-τ-) ≃ 250


Dominant SM background from W-W- 

production after same cuts close to 0

[Buonocore, Nason, Tramontano & Zanderighi, JHEP 08 (2020) 019; ATLAS analysis ongoing]

Same sign lepton-pair production @ LHC



• Since PYTHIA currently cannot handle incoming leptonic partons, initial-state leptons 

have been replaced by photons to shower events. Our simulations do thus not include 

leptons but quarks from photon splitting in parton shower (PS) backward evolution 


• As a result, jet- & lepton-veto induce a mismodelling of signal strength. By studying 

process qγ → LQ l → ql+l-, we estimate this effect to be of O(10%) & therefore to only 

mildly affect derived LQ limits 


• Above PS issue needs to be resolved before next-to-leading order (NLO) QCD & QED 

corrections for LQ signal can be correctly included in differential fashion

62

Simulation of 1st & 2nd resonant LQ signals

[very recent progress towards NLO PS by Richardson, unpublished; Greljo & Selimovic, 2012.02092]



LQ contributions to b + τ signature

63

For βL  = 0, b + τ signal arises only from 2 → 2 process, while for βL  ≠ 0 also 2 → 3 
scattering is relevant. Since two topologies lead to final states with very different 
kinematic features, it is essential to develop two separate search strategies for them 
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Figure 5. Upper panel: E
miss
T

distribution for the background and two t+E
miss
T

signals. Lower panel: E
miss
T

dis-
tribution for the background and two j + E

miss
T

signals. The background distributions (coloured histograms)
are stacked and the signal distributions in both panels correspond to gU = 3, �33

L
= �23

L
= 1, �33

R
= 0 and

MU = 1 TeV (black dotted lines) or MU = 2 TeV (black solid lines). The displayed predictions are obtained
for LHC collisions at 14 TeV.

to target the c⌫̄⌧ (⌫⌧) final state. Our analysis hence resembles the canonical approach of searching
for DM at the LHC, which has received much experimental [76, 88–90] and theoretical [91] at-
tention, resulting in high precision estimates of the dominant E

miss
T

backgrounds associated to the
production of a Z or W boson accompanied by at least one high-transverse momentum jet.

We use as a reference the ATLAS analysis described in [76] but employ a higher E
miss
T

cut of
E

miss
T
> 350 GeV, which reflects the fact that we are aiming for the energetic decay products of

a LQ with a mass in excess of 1 TeV. We require the presence of a high-transverse momentum
jet with pT ( j) > 150 GeV within |⌘| < 2.4, and no more than four jets with pT ( j) > 30 GeV
within |⌘| < 2.8. The selection ��min > 0.4, where ��min is the minimum angular di↵erence
in the azimuthal plane between a reconstructed jet and E

miss
T

, is used to fully suppress the multi-
jet background. All events containing a reconstructed electron or muon, or the hadronic decay
of a ⌧ are rejected. The sensitivity of the search is extracted through a multi-bin comparison of

– 11 –
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Figure 11: Expected and observed 95% CL upper limits on gU in the VLQ BM 1 (left) and 2
(right) scenarios, in a mass range of 1  mU  5 TeV. The expected median of the exclusion
limit in the absence of signal is shown by the dashed line. The dark and bright grey bands
indicate the central 68 and 95% intervals of the expected exclusion limit. The observed excluded
parameter space is indicated by the coloured blue area. For both scenarios, the 95% confidence
interval for the preferred region from the global fit of the low-energy observables presented in
Ref. [70] is also shown by the green shaded area.

unknown effect of higher-order corrections as discussed in Ref. [158]. Assuming a flat Bayesian
prior, mh is allowed to take any value within these boundaries. For the interpretation this is
taken into account by simulating the h signal at the observed hobs mass. For h production,
gluon fusion (ggh), b associated production (bbh), VBF, and Vh production are taken into ac-
count, and all cross sections and the branching fraction into t leptons are scaled according to
the MSSM predictions. To remove any dependencies of these predictions on the exact value
of mh, they are scaled to the expectation for mh = 125.38 GeV, following the prescription of
Ref. [84]. For A and H production, gluon fusion (ggA, ggH) and b associated production
(bbA, bbH) are taken into account.

All kinematic distributions are modelled within the accuracies discussed in Section 6.4. In par-
ticular, the pT spectra of ggH and ggA production are modelled as a function of tan b for each
tested value of mA, resulting in softer progression for increasing values of tan b. In the high-
mass no b-tag categories the h signal is expected to be negligible. It is therefore dropped from
the signal templates. A summary of the association of signals to the templates used for signal
extraction is given in Table 7. To interpolate the simulated mass points to the exact predicted
values of mH and mA a linear template morphing algorithm, as described in Ref. [159], is used.

Table 7: Contribution of MSSM signals to the mtot
T and NN output function template distribu-

tions used for signal extraction for the interpretation of the data in MSSM benchmark scenarios.

Signal processes
Categories ggh, bbh, VBF, Vh ggH/ggA, bbH/bbA
No b-tag mtt < 250 GeV X X
No b-tag mtt � 250 GeV — X
B-tag X X
Control regions X —

[CMS PAS HIG-21-001]


