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Introduction

In the Exotica group, we look for 
massive non-SM particles (W’, Z’, 
WR, LQ3) decaying to at least one 
tau in association with other 
leptons or jets.

considered final states

1 tau 𝜏h

2 taus 𝜏h𝜏h 𝜏e𝜏h 𝜏μ𝜏h 𝜏e𝜏μ

since most of the non-SM particles couple to fermions equally, decays of X→ 𝜏e/μ 
and X → 𝜏e𝜏e/𝜏μ𝜏μ are hard to distinguish from X → e/μ and  X → ee/μμ and have 
a much smaller branching ratio. Thus, they’re not considered in the studies I will 
present today.
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Additional gauge bosons emerge in many extended gauge models :

• Sequential standard models (SSM) : SM + additional massive 
boson with the same couplings constants as SM massive bosons. 

• LR model : Extends the standard model gauge group with a right-
handed charged boson as well as an additional neutral current. 

Some theories predict enhanced coupling to 3rd generation:

• Extended weak gauge group: Extended SU(2)xSU(2) structure for 
weak interactions where the first two generations of fermions are 
charged under the weaker SU(2) and the third generation feels the 
stronger SU(2). 

W’, Z’ Introduction
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Typical Background Estimation

SM processes with taus (Drell-Yan / top / rare SM / W+jets*):
• simulate using Powheg/MadGraph + Pythia8 + detector. response    
• derive scale factors and corrections 
• validate/evaluate systematic uncertainties in control regions 

SM processes with jets faking taus (QCD multi-jet/ W+jets*):
• “ABCD” data-driven method 
• validate/evaluate syst. in control regions

signal-like 
tau selection

jet-like tau 
selection

signal-like 
event selection

background-like 
event selection

Signal 
Region(A)

C

B

D

• estimate jet->tau 
fake rate among 
regions B and D

• apply fake rate to 
region C

* different W+Jets estimation 
techniques were used 

depend on the analysis
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Analysis: Z 0 ! ⌧+⌧�

6 7 Systematic uncertainties
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(d) thth

Figure 1: m(t1, t2, ET/ ) distribution for all four final states: (a) tµth, (b) teth, (c) tetµ, and (d) thth.
The dashed line represents the mass distribution for a Z0

SSM ! tt with mass of 1500 GeV,
in which the event yield is scaled by a factor 10. The rightmost bin includes events with a
reconstructed mass greater than 900 GeV.

 

Signal sample:
• Z’ with invariant mass between 

500 to 3000 GeV 

Final states:
• 𝜏h𝜏h, 𝜏μ𝜏h, 𝜏e𝜏h, 𝜏e𝜏μ 

general di-𝜏 new resonance search using SSM 
Z’ as benchmark model

Selections:
• 𝜏h pT > 20 (𝜏ℓ𝜏h) 60 (𝜏h𝜏h) GeV  
• opposite electric charge 
• back-to-back 
• missing ET > 30 GeV 
• no b quarks 

Limit extraction variable:

4 6 Background estimation

thresholds on te, tµ, and th are chosen such that the trigger efficiency is on the level of 90% or
higher in each channel considered in the analysis.

Ditau pairs are formed from oppositely charged candidates with DR(t1, t2) > 0.5. Due to the
large invariant mass of the ditau pair, the candidates are expected to be back-to-back. Events
are therefore required to satisfy cos Df(t1, t2) < �0.95. Because of the presence of neutrinos
from the t decays in the signal region, the criterion ET/ >30 GeV is required. The ET/ requirement
also reduces the multijet background, whose ET/ occurs due to jet energy mismeasurements.

The direction of the missing transverse momentum is required to be consistent with originating
from a pair of high-pT t lepton decays, to reduce the contamination of events containing W±

bosons. This can be achieved by introducing a variable known as “CDF-z” [24], simply referred
to below as the z variable. This variable is defined considering a unit vector along the bisector
of the visible t lepton decay products transverse to the beam direction, denoted as the ẑ axis.
Two projection variables for the visible t lepton decay products and ET/ are then built: pvis

z =

(~pt1
T + ~pt2

T ) · ẑ and pz = (~pt1
T + ~pt2

T + ~ET/ ) · ẑ. Events are selected requiring z = pz � 3.1 ⇥ pvis
z >

�50 GeV.

Residual contribution from tt is minimised by selecting events with no b-tagged jets. The re-
quirements described above define the signal region.

To distinguish more effectively between signal and lower mass backgrounds giving rise to t
lepton pairs, the visible t lepton decay products and the ET/ are used to reconstruct the mass:

m(t1, t2, 6ET) =
q
(Et1 + Et2 + ET/ )2 � (~pt1 + ~pt2 + ~ET/ )2. (1)

In this formula the z-component of the ET/ vector is zero. We do not apply a cut on the mass,
but instead search the signal region for a broad enhancement in the m(t1, t2, ET/ ) distribution
consistent with new physics.

The product of signal acceptance times efficiency for Z0 ! tt events varies with mass. For
the combination of all four channels it amounts to 6.3% for m(Z0

SSM) = 0.5 TeV, 13.0% for
m(Z0

SSM) = 1.5 TeV, and 14.0% for m(Z0
SSM) = 3 TeV.

6 Background estimation
To estimate the background contributions in the signal region, data-driven techniques are em-
ployed wherever possible. The strategy when using a data-driven method is to modify the
standard event selection requirements in order to select samples enriched with background
events. These control regions are used to model the mass shape of the backgrounds and to
measure the probability to pass the signal selection requirements. Contamination from back-
grounds, other than the one under study in a given control region, are subtracted by relying
on the simulations. The background estimation methods have been validated using the MC
simulation. A good agreement in terms of event yield and in terms of m(t1, t2, ET/ ) shape has
been established in all closure tests of the background models. In cases where a complete data-
driven approach is not possible, or where the background is small, we rely on MC simulation.
For the most relevant SM contributions which are evaluated from simulation, we verify that
the MC prediction is in good agreement with data in background enhanced regions.

The multijet contribution is relevant in both thth and teth channels, where it represents more
than 80% and 20% of the total background, respectively. In the thth final state the like-sign
ditau mass distribution is corrected by the opposite-sign to like-sign ratio, which is measured

EXO-16-008 
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Results: Z 0 ! ⌧+⌧�
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Figure 2: 95% CL upper limits on the product of the cross section times branching fraction into
t lepton pairs as a function of Z0

SSM mass for (a) tµth, (b) teth, (c) tetµ, (d) thth final states, and
(e) their combined 95% CL upper limits.

EXO-16-008 
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Figure 2: 95% CL upper limits on the product of the cross section times branching fraction into
t lepton pairs as a function of Z0

SSM mass for (a) tµth, (b) teth, (c) tetµ, (d) thth final states, and
(e) their combined 95% CL upper limits.

The presence of Z’SSM bosons 
decaying into τ lepton pairs is 
excluded for masses below 2.1 TeV. 

𝜏e𝜏μ 

𝜏μ𝜏h 𝜏e𝜏h

𝜏h𝜏h
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Signal sample:
• W’ with invariant mass 

between 1000 to 5800 GeV 

Final states:
• 𝜏h 

general 𝜏 + MET new resonance search 
using SSM W’ as benchmark model

Selections:
• 𝜏h pT > 80 GeV 
• missing ET > 120 GeV 
• large separation angle 

between 𝜏h and missing ET 
• 0.7 < pT/missing ET < 1.3 

Limit extraction variable:

8

EXO-16-006 
Analysis: W 0 ! ⌧⌫

1

1 Introduction
New heavy gauge bosons are predicted by various extensions of the standard model (SM). The
charged version of such heavy gauge bosons is generally referred to as W0.

This analysis summary describes a search for a W0 boson decaying to a tau lepton and a neu-
trino with the CMS detector [1] at the CERN LHC, using proton–proton collisions collected in
2015 at a center-of-mass energy of 13 TeV and follows the analysis strategy as applied for the
2012 data [2]. The data set corresponds to an integrated luminosity of 2.3 ± 0.06 fb�1.

Figure 1: Illustration of the studied channel W0 ! tn with the subsequent hadronic tau decay
(th).

The results are interpreted in the context of the sequential standard model (SSM) W0 boson [3].
The signature of a W0-boson event is similar to that of a W-boson event in which the W boson
is produced “off shell” with a high mass, yielding in the decay W ! tn a single hadronically
decaying tau (th) as the only detectable object and missing energy due to the neutrinos (see
Fig. 1). The hadronic decays of the tau lepton are experimentally distinctive because they result
in low charged hadron multiplicity, unlike QCD jets, which have high hadron multiplicity, or
other leptonic W0 decays, which yield no jets. Leptonically decaying tau’s such as W0 ! tnt !
enentnt and W0 ! tnt ! µnµntnt cannot be distinguished from W0 ! ene and W0 ! µnµ, and
are not selected in this analysis but rather in the corresponding leptonic (e,µ) W0 searches [4].
The only previous direct search for a W0 ! tn was done with at a center-of-mass energy of
8 TeV and obtained a limit of 2.7 TeV [2].

2 Physics Model
In the SSM, the W0 boson is a heavy analogue of the W boson with fermionic decay modes
and branching fractions similar to those of the SM W boson, with the addition of the decay
W0 ! tb, which becomes relevant for W0-boson masses larger than 180 GeV. The resulting SSM
branching fraction for the decay W0 ! tn is 8.5%. Decays of the W0 boson into WZ bosons
depend on the specific model assumptions and are considered to be suppressed in the SSM.

The presence of a W0-boson signal over the W-boson background could be observed in the
distribution of the transverse mass (MT) of the th and the missing transverse energy (Emiss

T ):

MT =
q

2 pt
T Emiss

T (1 � cos Df(t,~pmiss
T )), (1)

where pt
T denotes the pT of the th and Emiss

T = |~pmiss
T |, where ~pmiss

T is defined as �Â~pT of all
reconstructed particles. The angle in the transverse plane between ~pmiss

T and the direction of th
is denoted Df(t,~pmiss

T ).

The signal shape of a W0 boson with hadronically decaying tau leptons does not show a Ja-
cobian peak structure, because of the presence of two neutrinos in the final state. Examples

6 7 Systematic Uncertainties

Figure 5: The MT distribution after the final selection. Data points with error bars show data.
The filled histogram shows the background estimate discussed in the text, and the hatched
area the uncertainty in this estimate. The signal shapes for different SSM W0 boson masses are
shown as open histograms. In the ratio plot the bin-width is increased where needed to have
at least one expected background event in each bin.

MT � 1 TeV is due to the momentum measurement of the tau lepton [25], important for estimat-
ing the contribution from off-shell SM W-boson decays. The uncertainty in the th momentum
scale is estimated to be 3% of the tau pT, using Z ! tt events [25]. This estimation is confirmed
by comparing energy measurements from tau and jet reconstruction algorithms for high-pT
taus. This results in a 20% scale uncertainty in the background event yield, primarily from the
tail of off-shell SM W bosons, which is correlated with the uncertainty in the signal prediction.
There is a 5% uncertainty in the event yield from the theoretical prediction of the background.
One contribution to this uncertainty comes from the NNLO QCD and NLO electroweak calcu-
lations and is evaluated following the prescription described in Ref. [15]; there is an additional
contribution from the PDFs uncertainties, for which the prescriptions of Refs. [26, 27] are used.
It amounts to 3%. The knowledge of the reconstruction efficiency for high-pT tau leptons is a
source of uncertainty influencing the background and signal normalizations. The efficiency is
determined by studying Z ! tt processes [23]. The resulting uncertainty in the normalization
is 6% + pT · 20%/1 TeV, where the latter part is added to cover the uncertainties for the high
pT tau reconstruction. There is an uncertainty of 50% in the QCD jet contribution to the back-
ground, which is estimated from statistical uncertainties in the control regions and cross checks
of the method, and which results in a 8% uncertainty in the overall background yield.

Other sources of uncertainty are the jet energy resolution [21], pileup modeling, and other
factors affecting the Emiss

T determination. The overall impact of these effects adds at most 1% to
the background uncertainty . The impact of all these uncertainties on the signal acceptance has
been evaluated using the simulated samples. The size and relative importance of the effects
observed are similar to those for the background yield and depend on the shape of the MT
distribution.
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EXO-16-006 
Results: W 0 ! ⌧⌫

8 9 Summary
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Figure 6: Left: Limits on the product of cross section and branching fraction into tn for a SSM
W0 boson. The solid line shows the limit observed with 2.3 fb�1 of data while the dashed line
corresponds to the expected limit. The shaded bands indicate the 68% and 95% confidence
intervals of the expected limit. The dotted and the long-dashed lines show the cross section
prediction in the SSM as a function of the W0 boson mass, at NNLO and LO, respectively.
Right: The limit is now represented as cross section ratio sexcl./stheo.. built from the expected
theoretical cross section for a SSM W0 and the observed excluded cross section from this mea-
surement. For the result from the 2015 data, the expected and observed limits from the left plot
are shown in red. In comparison the expected and observed 95% CL limit from the 2012 data is
shown in blue [2]

The multibin approach assumes a certain signal shape in MT. However, new physics processes
yielding a tau+Emiss

T final state could cause an excess of a different shape. To be independent
from specific models, a single-bin approach compares the number of observed events above a
sliding MT threshold, denoted Mmin

T , with the SM expectation for this MT range. The resulting
cross section limit as a function of Mmin

T is shown in Fig. 7. The reconstruction efficiency is
estimated to be about 48% for W0 events satisfying the condition MT > Mmin

T . It may be noted
that the fraction of the signal that satisfies the Mmin

T requirement depends on the particular
model, and is mass-dependent. The reconstruction efficiency has an uncertainty corresponding
to that of a typical W0-like signal at different Mmin

T thresholds. For a W0 with a mass of 3 TeV
the efficiency, including all acceptance and reconstruction factors, is 34% of the total W0 ! tn
process, where only events with a hadronic tau decay t ! thn contribute. For the full tau
decay this corresponds to 23%. This mass corresponds to the typical W0-like signal. This allows
a reinterpretation in various models by evaluating the signal efficiency, #signal, for the Mmin

T
threshold, defined as the number of events in the signal region with MT > Mmin

T divided by
the total number of generated events: #signal = NMT>Mmin

T
/Ntotal.

9 Summary
In summary, we have performed a search for new physics in final states with a tau decaying
hadronically and missing transverse energy. The data sample was collected with the CMS de-
tector in proton-proton collisions at

p
s = 13 TeV and corresponds to an integrated luminosity

of 2.3 fb�1. No significant excess beyond the SM expectation is observed in the transverse mass

28 References
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Figure 25: The model unspecific limit shows the limit for a given fixed efficiency, for the given
Mmin

T threshold. A signal with an effective cross section times it efficiency in the MT region
above Mmin

T , that is below the line is excluded at 95 % CL.

Mmin
T [GeV] 250 300 350 400 450 500 550 600 650

Expected limit [fb] 331+116
�86 214+74

�56 126+44
�33 78+29

�21 52+20
�14 37+14

�11 28.8+11.5
�8.3 21.0+9.7

�6.0 17.1+8.4
�4.9

Observed limit [fb] 262.2 173.8 94.7 59.4 40.1 23.9 20.2 12.6 8.6
Mmin

T [GeV] 700 750 800 850 900 950 1000 1050 1100
Expected limit [fb] 15.1+8.2

�4.0 13.2+7.1
�4.2 12.2+6.6

�3.6 11.2+5.4
�4.1 10.3+4.9

�3.7 9.3+5.0
�3.4 8.3+4.5

�3.0 7.3+5.1
�2.3 6.3+4.5

�2.2
Observed limit [fb] 9.1 7.6 8.1 7.1 6 6.1 6.1 4.6 4.5

Table 8: The model unspecific limit.

10.4 Combination with the 8 TeV Results477

11 Summary478

A search for an excess in the transverse mass distribution of the t + Emiss
T channel has been479

performed. The analysed events are collected with the CMS detector in proton proton collisions480

with
p

s = 13 TeV, corresponding to 2.3 fb�1. No significant excess beyond the SM could be481

observed. A SSM W0 boson could be excluded for masses between MW0 > 1 TeV and MW0 <482

3.3 TeV with 95% CL.483
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Results from neutrino oscillation experiments imply neutrinos 
have mass. One way to confer mass to neutrinos, in the 
context of the “seesaw” mechanism, is provided by the left-
right symmetry extension (LRSM), which predicts the 
existence of three new gauge bosons, WR and Z’.

WR Introduction

±

N⌧

⌧±

⌧⌥(±)

u

d̄

*
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x = m(Nt)/m(WR). The signal acceptance and mass shape is evaluated for each {m(WR), x}
combination in Figure 4 and used in the limit calculation procedure described above. Masses
below m(WR) = 2.35 (1.63) TeV are excluded at a 95% confidence level, assuming the Nt mass
is 0.8 (0.2) times the mass of WR boson.

This is the first LHC result for Nl searches with t leptons. Other searches for heavy neutrinos
have been performed in the µµjj and ee jj channels assuming Nt is too heavy to play a role in
the decay of WR (and thus free of t leptons). In those searches, an excess of 2.4-2.8s has been
observed at ⇡ 2.2 TeV in the eejj channel, while the µµjj channel excludes m(WR) less than ⇡ 3
TeV under the assumption of very heavy Nt [4]. For the leptoquark interpretation using ST as
the final fit variable, the expected 95% CL exclusion is LQ masses below 790 GeV, while the
observed exclusion is approximately 740 GeV, resulting in the most stringent limit to date.

Figure 2: Left: m(th, th, j, j, Emiss
T ) distribution in the SR. Right: ST distribution in the SR.

Figure 3: Left: Expected and observed limits, at 95% confidence level, as functions of m(WR)
mass. Right: Expected and observed limits, at 95% confidence level, as functions of LQ mass.
The bands on the expected limits represent the one and two standard deviations obtained using
a large sample of pseudo-experiments based on the background-only hypothesis for each bin
of the mass and ST distributions.
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Signal sample:
• WR with invariant mass between 

1000 to 3000 GeV with mass of Nτ 
between 0.1 to 0.8 x mass of WR 

Final states:
• 𝜏h𝜏hqq 

general di-𝜏 + di-jet new resonance search probing 
massive neutrino with WR

Selections:
• 2 𝜏h  with pT > 70 GeV 
• 2 jets with pT > 50 GeV 
• missing ET > 50 GeV 
• invariant mass of 𝜏h𝜏h > 100 GeV 

Limit extraction variable:

EXO-16-016 
Analysis: WR ! ⌧h⌧hqq

2 2 CMS Detector

two jets, and the Emiss
T are used to reconstruct the partial mass:

m(th,1, th,2, j, j, Emiss
T ) =

q
(Et1 + Et2 + Ej1 + Ej2 + Emiss

T )2 � (�!pt1 +
�!pt2 +

�!pj1 +
�!pj2 +

�!
ET/ )2. (1)

The partial mass is expected to be large in the heavy neutrino case, hm(th,1, th,2, j, j, Emiss
T )i ⇡

m(WR). The heavy neutrino search strategy is to look for a broad enhancement in the mass
distribution consistent with new physics. For the pair production of leptoquarks, the scalar
sum of the transverse momenta (pT) of the decay products, ST = pth,1

T + pth,2
T + pj1

T + pj2
T , is

expected to be large (hSTi ⇡ mLQ). In this case the strategy is similar to other leptoquark
analyses and involves searching for a broad enhancement in the high ST part of the spectrum.

In hadronic t-lepton decays, there is only one t neutrino (anti-neutrino) present, leading to a
higher visible momentum of t decay products compared to leptonic decays of t leptons (t`) on
average. Therefore, m(th, th, j, j, Emiss

T ) and ST is typically higher than in channels containing
t`. This characteristic combined with the ⇡ 42% branching ratio of tt ! thth makes this
analysis a promising channel in the search for new physics. Because a th resembles QCD jets,
the typical probability of misidentifying a QCD jet as a th is at least an order of magnitude
higher than that for a QCD jet to be misidentified as an electron or muon. As a result the QCD
multijet background in the thth channel is larger than in tt ! t`th,t`t` channels. However,
the multijet QCD contribution at high mass and ST is strongly reduced owing to its fast falling
production cross section.

The overall strategy of the analysis is similar to other heavy neutrino and leptoquark searches.
Upon selecting two high quality th candidates and two additional jet candidates, the data distri-
bution of m(th, th, j, j, Emiss

T ) (in the heavy neutrino scenario) or ST (in the leptoquark scenario)
is used to fit for a potential signal that would appear as an excess of events over the SM ex-
pectation in the high parts of the distributions. The selections defining the signal region (SR),
described in Section 5, allow for a reduction of the background contribution in the high mass
or ST part of the spectrum to a reasonable level. A main challenge of this analysis is to ensure
high and well-understood signal selection and trigger efficiency with SM signatures containing
real th candidates. The strategy is described in Section 6 and relies on the selection of Z ! ``
+ jets events. A number of additional background enriched control regions are described in
Section 6. The control samples are defined to ensure a good understanding of the background
contributions as well as to cross-check the accuracy of our efficiency measurements and assign
appropriate systematic uncertainties (Section 7). The background contributions in the SR are
derived from data wherever possible using samples enriched with background events. These
control regions are used to measure the mass shapes, ST shapes, and selection efficiencies in
order to extrapolate to the region where the signal is expected. In cases where the background
contributions are small (< 10%) or the above approach is not feasible, data-to-simulation scale
factors, defined as a ratio between observed data events and expected simulated yields in back-
ground enhanced regions, are used to validate or correct the expected contributions obtained
from the simulation samples.

2 CMS Detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the
crystal electromagnetic calorimeter (ECAL), which includes a silicon sensor preshower detector
in front of the ECAL endcaps, and the brass/scintillator hadron calorimeter (HCAL). Muons

m(⌧1, ⌧2, j1, j2, E
miss
T )
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EXO-16-016 
Results: WR ! ⌧h⌧hqq

9

x = m(Nt)/m(WR). The signal acceptance and mass shape is evaluated for each {m(WR), x}
combination in Figure 4 and used in the limit calculation procedure described above. Masses
below m(WR) = 2.35 (1.63) TeV are excluded at a 95% confidence level, assuming the Nt mass
is 0.8 (0.2) times the mass of WR boson.

This is the first LHC result for Nl searches with t leptons. Other searches for heavy neutrinos
have been performed in the µµjj and ee jj channels assuming Nt is too heavy to play a role in
the decay of WR (and thus free of t leptons). In those searches, an excess of 2.4-2.8s has been
observed at ⇡ 2.2 TeV in the eejj channel, while the µµjj channel excludes m(WR) less than ⇡ 3
TeV under the assumption of very heavy Nt [4]. For the leptoquark interpretation using ST as
the final fit variable, the expected 95% CL exclusion is LQ masses below 790 GeV, while the
observed exclusion is approximately 740 GeV, resulting in the most stringent limit to date.

Figure 2: Left: m(th, th, j, j, Emiss
T ) distribution in the SR. Right: ST distribution in the SR.

Figure 3: Left: Expected and observed limits, at 95% confidence level, as functions of m(WR)
mass. Right: Expected and observed limits, at 95% confidence level, as functions of LQ mass.
The bands on the expected limits represent the one and two standard deviations obtained using
a large sample of pseudo-experiments based on the background-only hypothesis for each bin
of the mass and ST distributions.

Expected and observed limits, at 
95% confidence level, as functions 
of m(WR) mass with m(Nτ) = 0.5 
m(WR)

Assuming only Nτ flavor contributes 
significantly to the WR decay width, WR 
masses below 2.35 (1.63) TeV are 
excluded at a 95% confidence level, 
assuming the Nτ mass is 0.8 (0.2) 
times the mass of WR boson 
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Signal sample:
• WR with invariant mass between 

1000 to 4000 GeV with mass of 
Nτ = 0.5 x mass of WR 

Final states:
• 𝜏μ𝜏hqq, 𝜏e𝜏hqq 

general di-𝜏 + di-jet new resonance search 
probing massive neutrino with WR

Selections:
• 𝜏h with pT > 60 GeV 
• 2 jets with pT > 50 GeV 
• missing ET > 50 GeV 
• invariant mass of 𝜏ℓ𝜏h > 150 GeV 

Limit extraction variable:

EXO-16-023 
Analysis: WR ! ⌧l⌧hqq

3

The identified electron (muon) and th are required to originate from the same vertex and be
separated spatially by DR ⌘

p
Df2 + Dh2 > 0.5. Events containing additional electrons or

muons of pT > 15 GeV, passing loose identification and isolation criteria, are vetoed.

Jets are reconstructed with the anti-kt algorithm with a size parameter R = 0.4 [27, 28] using
PF candidates. Jet energy is corrected for the average contribution from particles from other
proton-proton collisions in the same bunch crossing (pileup). Additional correction is applied
to better reflect the true total momentum of the particles in the jet [29]. Selected jets are required
to be within |h| < 2.4 and have pT > 50 GeV, and to be separated from the selected electron or
muon and the th by DR > 0.5.

The transverse momentum imbalance, Emiss
T , is calculated as a negative vectorial sum of all

particle-flow candidates. To improve its response, Emiss
T is corrected by propagating the correc-

tions applied to identified jets. A correction is applied to account for the effect of additional
pileup interactions. In addition several filters have been deployed to veto events with large
Emiss

T caused by detector effects.

Candidate events were collected using a set of triggers requiring the presence of either an elec-
tron or a muon with transverse momentum thresholds of 45 GeV.

The search for leptoquarks is performed in a sample of events containing one light lepton a
hadronically decaying tau, and at least two jets, with at least one of the two leading jets identi-
fied as originating from b quark hadronization (b-tagged) using the combined secondary vertex
(CSV) algorithm [30]. The lepton and the th are also required to have opposite electric charge.
Additionally, the mass of the th and a jet (M(th, j)) is required to be greater than 250 GeV.
Among the two possible jets, the one is paired with th which minimises the difference between
the mass of the th and one jet and the mass of the lepton and the other jet.

The search for WR decaying to a heavy neutrino is performed in a sample of events contain-
ing one light lepton (electron or muon for eth and µth channels, respectively), a hadronically
decaying tau, and at least two jets. The Emiss

T is required to be above 50 GeV and the invariant
mass of the light lepton and the th is required to be greater than 150 GeV.

In leptoquark analysis, signal efficiency ranges between 1 to 5% for masses between 300 GeV to
1500 GeV, respectively and in WR analysis signal efficiency varies between 2 to 7% for masses
between 1 to 4 TeV, respectively.

The ST distribution after the final selection is used to to search for a possible excess of events
with respect to the background that could indicate the presence of signal. ST is defined as
the scalar sum of transverse momentum of all required final state objects as well as missing
transverse energy.

ST = pT(`) + pT(th) + pT(jet1) + pT(jet2) + Emiss
T (1)

4 Background estimation

Several standard model processes can mimic the final state signatures explored in this search.
The tt production is the dominant background due to the presence of the genuine leptons,
Emiss

T and both light and heavy flavour jets. Additionally, the production of a W or Z boson in
association with jets, diboson, single top, and the QCD multijet production can also contribute
to the considered final state.
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Figure 1: Distribution in ST observed in the µth (left) and eth (right) channel of the LQ (top)
and heavy RH neutrino (bottom) analysis, compared to the expected SM background contri-
bution and to a hypothetic LQ signal of mass mLQ = 900 GeV and a hypothetic heavy RH
neutrino signal of mass mWR = 3 TeV. A binned maximum likelihood fit is performed to the
ST distribution. “Electroweak” background is the sum of W boson, Z boson, and dibosons.
The uncertainty bands represent the sum of statistical and systematic uncertainties, added in
quadrature.
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EXO-16-023 
Results: WR ! ⌧l⌧hqq

8 7 Conclusion
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Figure 2: Observed and expected 95% CL upper limit on the product of signal cross section
times branching fraction, obtained from the combination of eth and µth channels, in the LQ
analysis. The 1s and 2s bands represent the 1 and 2 standard deviation uncertainties on the
expected limits.
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Figure 3: Observed and expected upper limits at 95% CL on the product of cross section and
branching fraction for combined et and µt in heavy right handed neutrino analysis. The 1s
and 2s bands represent the 1 and 2 standard deviation uncertainties on the expected limits.

Assuming the mass of neutrino to be half of the mass 
of right-handed W boson, WR boson masses below 3.2 
TeV are excluded at 95% CL.
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Analysis overview 

Abdollah Mohammadi (KSU) 3 

}  2 τs and 2 b jets as final state 
}  Run 1 limit ~ 740 GeV 
}  Run 2 limit in τ�τ� with 2.1/fb 

[EXO-16-016] ~ 740 GeV 
 

Pair production of the LQ3 Heavy right-handed W boson 

}  2 τs and 2 jets as final state 
}  Not done in Run 1 (limit from mu/e channel 

~ 3 TeV) 
}  Run 2 limit in τ�τ� with 2.1/fb [EXO-16-016] 

between 2.35 to 1.63 TeV 

15

Leptoquark Introduction
Many extensions of the standard model (SM) predict new scalar 
or vector bosons, called leptoquarks (LQ), which carry non-zero 
lepton and baryon numbers:

• SU(5) grand unification: the standard model gauge groups 
SU(3) × SU(2) × U(1) are combined into a single simple 
gauge group—SU(5)

• Pati–Salam SU(4):  the lepton-ness (non-quark-ness) of 
leptons is identified as the 4th color, “lilac,” of a larger 
SU(4)c gauge group

Pair production of the LQ

https://en.wikipedia.org/wiki/SU(3)_%C3%97_SU(2)_%C3%97_U(1)
https://en.wikipedia.org/wiki/Simple_Lie_group
https://en.wikipedia.org/wiki/Special_unitary_group
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Figure 1: Distribution in ST observed in the µth (left) and eth (right) channel of the LQ (top)
and heavy RH neutrino (bottom) analysis, compared to the expected SM background contri-
bution and to a hypothetic LQ signal of mass mLQ = 900 GeV and a hypothetic heavy RH
neutrino signal of mass mWR = 3 TeV. A binned maximum likelihood fit is performed to the
ST distribution. “Electroweak” background is the sum of W boson, Z boson, and dibosons.
The uncertainty bands represent the sum of statistical and systematic uncertainties, added in
quadrature.
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Signal sample:
• LQ3 with invariant mass 

between 200 to 1500 GeV 

Final states:
• 𝜏h𝜏hbb, 𝜏μ𝜏hbb, 𝜏e𝜏hbb 

reinterpretation of the previous di-𝜏 + di-jet 
new resonance search

Selections:
• 𝜏h with pT > 50 GeV 
• 2 jets with high pT 
• at least on b jet * 
• missing ET > 50 GeV 
• opposite electric charge * 
• cuts to reject top events 

Limit extraction variable:

EXO-16-016 
EXO-16-023 

3

The identified electron (muon) and th are required to originate from the same vertex and be
separated spatially by DR ⌘

p
Df2 + Dh2 > 0.5. Events containing additional electrons or

muons of pT > 15 GeV, passing loose identification and isolation criteria, are vetoed.

Jets are reconstructed with the anti-kt algorithm with a size parameter R = 0.4 [27, 28] using
PF candidates. Jet energy is corrected for the average contribution from particles from other
proton-proton collisions in the same bunch crossing (pileup). Additional correction is applied
to better reflect the true total momentum of the particles in the jet [29]. Selected jets are required
to be within |h| < 2.4 and have pT > 50 GeV, and to be separated from the selected electron or
muon and the th by DR > 0.5.

The transverse momentum imbalance, Emiss
T , is calculated as a negative vectorial sum of all

particle-flow candidates. To improve its response, Emiss
T is corrected by propagating the correc-

tions applied to identified jets. A correction is applied to account for the effect of additional
pileup interactions. In addition several filters have been deployed to veto events with large
Emiss

T caused by detector effects.

Candidate events were collected using a set of triggers requiring the presence of either an elec-
tron or a muon with transverse momentum thresholds of 45 GeV.

The search for leptoquarks is performed in a sample of events containing one light lepton a
hadronically decaying tau, and at least two jets, with at least one of the two leading jets identi-
fied as originating from b quark hadronization (b-tagged) using the combined secondary vertex
(CSV) algorithm [30]. The lepton and the th are also required to have opposite electric charge.
Additionally, the mass of the th and a jet (M(th, j)) is required to be greater than 250 GeV.
Among the two possible jets, the one is paired with th which minimises the difference between
the mass of the th and one jet and the mass of the lepton and the other jet.

The search for WR decaying to a heavy neutrino is performed in a sample of events contain-
ing one light lepton (electron or muon for eth and µth channels, respectively), a hadronically
decaying tau, and at least two jets. The Emiss

T is required to be above 50 GeV and the invariant
mass of the light lepton and the th is required to be greater than 150 GeV.

In leptoquark analysis, signal efficiency ranges between 1 to 5% for masses between 300 GeV to
1500 GeV, respectively and in WR analysis signal efficiency varies between 2 to 7% for masses
between 1 to 4 TeV, respectively.

The ST distribution after the final selection is used to to search for a possible excess of events
with respect to the background that could indicate the presence of signal. ST is defined as
the scalar sum of transverse momentum of all required final state objects as well as missing
transverse energy.

ST = pT(`) + pT(th) + pT(jet1) + pT(jet2) + Emiss
T (1)

4 Background estimation

Several standard model processes can mimic the final state signatures explored in this search.
The tt production is the dominant background due to the presence of the genuine leptons,
Emiss

T and both light and heavy flavour jets. Additionally, the production of a W or Z boson in
association with jets, diboson, single top, and the QCD multijet production can also contribute
to the considered final state.

* applied in EXO-16-23 only

Analysis: LQLQ ! ⌧⌧bb
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EXO-16-023 
8 7 Conclusion
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Figure 2: Observed and expected 95% CL upper limit on the product of signal cross section
times branching fraction, obtained from the combination of eth and µth channels, in the LQ
analysis. The 1s and 2s bands represent the 1 and 2 standard deviation uncertainties on the
expected limits.
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Figure 3: Observed and expected upper limits at 95% CL on the product of cross section and
branching fraction for combined et and µt in heavy right handed neutrino analysis. The 1s
and 2s bands represent the 1 and 2 standard deviation uncertainties on the expected limits.

9

x = m(Nt)/m(WR). The signal acceptance and mass shape is evaluated for each {m(WR), x}
combination in Figure 4 and used in the limit calculation procedure described above. Masses
below m(WR) = 2.35 (1.63) TeV are excluded at a 95% confidence level, assuming the Nt mass
is 0.8 (0.2) times the mass of WR boson.

This is the first LHC result for Nl searches with t leptons. Other searches for heavy neutrinos
have been performed in the µµjj and ee jj channels assuming Nt is too heavy to play a role in
the decay of WR (and thus free of t leptons). In those searches, an excess of 2.4-2.8s has been
observed at ⇡ 2.2 TeV in the eejj channel, while the µµjj channel excludes m(WR) less than ⇡ 3
TeV under the assumption of very heavy Nt [4]. For the leptoquark interpretation using ST as
the final fit variable, the expected 95% CL exclusion is LQ masses below 790 GeV, while the
observed exclusion is approximately 740 GeV, resulting in the most stringent limit to date.

Figure 2: Left: m(th, th, j, j, Emiss
T ) distribution in the SR. Right: ST distribution in the SR.

Figure 3: Left: Expected and observed limits, at 95% confidence level, as functions of m(WR)
mass. Right: Expected and observed limits, at 95% confidence level, as functions of LQ mass.
The bands on the expected limits represent the one and two standard deviations obtained using
a large sample of pseudo-experiments based on the background-only hypothesis for each bin
of the mass and ST distributions.

Third-generation scalar leptoquarks with 
masses below 740 GeV are excluded, 
assuming a 100% branching fraction for 
the leptoquark decay to a τ lepton and a 
bottom quark. 

EXO-16-016 

𝜏h𝜏hbb 𝜏μ𝜏hbb + 𝜏e𝜏hbb

Assuming 100% branching fraction for the 
leptoquark decay to a τ lepton and a 
bottom quark, the third-generation 
leptoquarks with masses below 900 GeV 
are excluded at 95% CL 

Results: LQLQ ! ⌧⌧bb
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Summary

• Many exciting search results from the 13 TeV run

• More 13 TeV results coming soon

SSM W’(𝜏h𝜈) 

SSM Z’(𝜏𝜏) 

WR(𝜏h𝜏hqq) 

WR(𝜏ℓ𝜏hqq) 

LQ3(𝜏h𝜏hbb)  

LQ3(𝜏ℓ𝜏hbb) 
0            1             2            3              4      TeV

m(N𝜈) = 0.8 m(WR)
m(N𝜈) = 0.2 m(WR)

m(N𝜈) = 0.5 m(WR)


